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the Editorial Board implies that it reports un- 
published work, that it is not under consideration 
for publication elsewhere, and that if accepted for 
The Biochemical Journal it will not be published 
elsewhere in the same form, either in English or in 
any other language, without the consent of the 
Editorial Board. 

Contributors abroad may nominate somebody in 
Great Britain who is willing to correct the proofs of 
their papers. Proofs are also sent to authors 
abroad, if necessary by airmail, whether or not they 
have nominated a proof reader in Great Britain; if 
these are returned immediately, it will normally be 
possible to incorporate corrections in the final 
proof. 

Papers should be headed by an informative title, 
by the names of the authors and by the name and 
address of the Laboratory where the work was 
performed. Female authors should use one given 
name and the surname, and male authors should 
use initials and surname only. Descriptive material 
about the author, or details of financial support, if 
necessary, should appear in the acknowledgements 
at the end of the paper. 

Typescripts should bear the name and address of 
the person to whom the proof of the paper is to be 
sent, and should give also a shortened version of the 
title, not exceeding forty-five letters and spaces in 
length, suitable for a running title in the published 
pages of the work. 

If a paper that has been returned to an author for 
revision is not resubmitted within two months, it 


, 


will be deemed to be a new paper and the date of 
receipt altered accordingly. A revised paper con- 
taining a significant amount of new material will 
also be redated. 

A paper should be written only when a piece 
of work is rounded off. Preliminary or abortive 
experiments should not be described. 

It would help the editors if the author, when 
submitting a paper which is part of a series, would 
enclose reprints of the immediately preceding 
parts. 


Abbreviations. These must not be used in the 
title, introductory section, headings or Summary. 
Names of compounds (except those listed below) 
should not be abbreviated unless they are un- 
wieldy and have to be used very frequently. 
All abbreviations except those listed below must 
be defined at the beginning of the Experimental 
section and not, as previously, at the first mention. 
The following may be used without definition: 





ADP, CDP, 5’-Pyrophosphates of adenosine, 
GDP,IDP, cytidine, guanosine, inosine and 
UDP uridine 

AMP ete. Adenosine 5’-phosphate etc. 

ATP ete. Adenosine 5’-triphosphate etc. 

CoA Coenzyme A 

DNA Deoxyribonucleic acid 

DPN Diphosphopyridine nucleotide 

EDTA Ethylenediaminetetra-acetate 

FMN Flavin mononucleotide 

FAD Flavin—adenine dinucleotide 


GSH, GSSG 
NAD 


Glutathione, reduced and oxidized 
Nicotinamide—adenine dinucleotide 


NADP Nicotinamide—adenine dinucleotide 
phosphate 

NMN Nicotinamide mononucleotide 

RNA Ribonucleic acid 

TPN Triphosphopyridine nucleotide 

tris 2-Amino-2-hydroxymethylpropane- 


1:3-diol 


Abbreviations for amino acids and carbohydrates. 
Those marked * and f+ in Suggestions to Authors are 
to be used only for representation of polymers or 
sequences and in Tables and Figures. 
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Abstracts. Authors should submit with their 
typescript an abstract suitable for inclusion in 
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the Journal in order to make thémselves familiar 
with the typographical conventions, use of cross- 
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so that they are intelligible to the ordinary reader 
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included to permit repetition of the experimental 
work. 

Papers should be written concisely and, gener- 
ally, should be divided clearly into sections as 
follows: (a) introduction, containing the reasons for 
doing the work; (b) Experimental methods: in 
chemical papers this section may appear towards 
the end; (c) Results: these should be given con- 
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should be separated from the discussion of their 
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expense charged to the author. Legends and 
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The Physiological Role of the Ketone Bodies 


By H. A. KREBS 


THE THIRD HOPKINS MEMORIAL LECTURE 


Delivered at the 50th Anniversary Meeting of The Biochemical Society on 28 March 1961 
in The Royal Institution, London 


A memorial lecturer may pay tribute to the man 
to be honoured by speaking about some of his out- 
standing qualities, and I will do so briefly towards 
the end of my lecture. Another way of honouring 
and commemorating a great man is to continue his 
endeavours and to pursue the aims for which he 
strove. Hopkins’s aim was the furtherance of 
biochemistry, and so I think it is appropriate if I 
spend the greater part of this lecture on presenting 
an account of experiments with which I have been 
recently concerned. 

Until 1953 it was generally believed that aceto- 
acetate and D(—)-8-hydroxybutyrate were normal 
intermediates in the degradation of fatty acids. In 
that year two new discoveries made it clear that 
these two metabolites are not on the main route of 
fatty acid metabolism, but are formed by side 
reactions. The first was the discovery by Lynen & 
Ochoa (1953) that the normal intermediates of 
fatty acid degradation are the coenzyme A deriva- 
tives of the ketone bodies, rather than the free 
ketone bodies. The second was the discovery by 
Lehninger & Greville (1953) that the intermediate 
formed from long-chain fatty acids is L(+)-f- 
hydroxybutyryl-coenzyme A, whereas the free f- 
hydroxybutyrate appearing in the body fluids has 
the p-configuration. 

If, then, the ketone bodies are not normal inter- 
mediates, we must ask why they are formed and 
what role they play in the animal body. The 
experiments which I am to discuss were initiated 
with the aim of finding answers to these questions. 
The plan was to study the metabolic behaviour of 
the ketone bodies, in the hope that this would 
throw light on their physiological significance. 

When free acetoacetate is supplied to animal 
tissues, in vitro or in vivo, two main reactions take 
place in most tissues: a reduction to D(—)-f- 
hydroxybutyrate, and an oxidation leading to 
carbon dioxide and water, intermediates being 
acetoacetyl-coenzyme A, acetyl-coenzyme A and 
the tricarboxylic acid cycle. There are other 
reactions, but quantitatively they are of less im- 
portance: the non-enzymic decarboxylation to 
acetone and the conversion into cholesterol and fatty 
acids. 


15 





Liver differs from most other animal tissues in 
that no oxidation of acetoacetate takes place and 
that the acetoacetate which disappears can usually 
all be accounted for by the formation of B-hydroxy- 
butyrate. This is illustrated by data given in 
Table 1. The removal of acetoacetate by the liver 
was accelerated by the addition of the various 
hydrogen donors such as «-oxoglutarate, L(+)- 
glutamate, pyruvate, citrate, malate and succinate. 
The yield of B-hydroxybutyrate was in all cases 
somewhat greater than the amount of acetoacetate 
removed, the difference being greatest in the case 
of pyruvate. This is due to the fact that pyruvate, 
via acetyl-coenzyme A, forms additional aceto- 
acetate, and that all the other added hydrogen 
donors can form pyruvate on aerobic incubation. 
Thus some of the £-hydroxybutyrate formed was 
derived from the substrates shown in the first 
column of the Table. 

In other metabolically active tissues the yield of 
B-hydroxybutyrate is usually lower than the loss of 
acetoacetate. This is shown in Tables 2 and 3. In 
sheep-heart homogenate about half the aceto- 
acetate removed was converted into f-hydroxy- 
butyrate. In homogenates of skeletal muscle and 
sheep-kidney cortex very little of the acetoacetate 
removed was recovered as f-hydroxybutyrate. 
Intermediates of the oxidation of acetoacetate (the 
acids of the tricarboxylic acid cycle) did not 
accumulate in measurable quantities, with the 
exception of citrate, which under some conditions 
appeared in very small amounts. There is no 
evidence suggesting that appreciable quantities of 
acetoacetate are used for a net synthesis of fat or 
other cell constituents under the test conditions. 
The decarboxylation to acetone was likewise 
negligible in relation to other reactions. This leads 
to the conclusion that the acetoacetate not ac- 
counted for by f-hydroxybutyrate underwent 
complete oxidation. 

It has of course long been established that many 
tissues can oxidize ketone bodies and use them as 
fuel of respiration [for review see Peters & Van 
Slyke (1946) and Campbell & Best (1956)]. But 
virtually all the previous work was qualitative and 
did not deal with the question of how much the 


Bioch. 1961, 80 





226 H. A. KREBS 1961 


Table 1. Removal of acetoacetate and formation of B-hydroxybutyrate in rat-liver homogenate 


Data refer to 4 ml. of a 10% homogenate, incubated for 45 min. at 30° in O,. The 4 ml. included 20 pmoles of 
acetoacetate and 80 umoles of other substrates. The minus sign indicates disappearance, the plus sign formation. 





- 
Substrate added other 0, 
than acetoacetate (umoles) 
None — 27-6 
«-Oxoglutarate -31-1 
L( + )-Glutamate — 38-5 
Pyruvate — 34-5 
Fumarate — 33-6 
Citrate — 28-8 
Succinate — 57-4 


Metabolic changes 
stn > 
Acetoacetate  B-Hydroxybutyrate 
(umoles) (umoles) 
- 12 + 2-2 
-11-7 +143 
— 12-6 +15-9 
- 08 + 59 
— 54 + 7-9 
- 85 +13-4 
- 89 +11-0 


Table 2. Metabolism of ketone bodies in various tissue homogenates in vitro 


The substrate was 5 mm-acetoacetate, incubated at 30° [for experimental details see Table 2 of Krebs e¢ al. 








(1961)}. . 
Metabolic changes (umoles/g. dry wt./hr.) 
ai i ~*~ ee ee ee 
B-Hydroxy- : 
Acetoacetate butyrate Acetoacetate 0, equivalents 
Tissue 0, removed formed oxidized Acetoacetate oxidized 
Sheep heart —476 — 232 +112 — 120 4-4 
Sheep diaphragm - 100 —115 + 88 - 27 5-4 
Rat skeletal muscle — 152 - 13 0 - 13 11-3 
Pigeon skeletal muscle — 553 — 62 0 — 62 9-1 
Sheep-kidney cortex — 445 — 108 9 - 99 4-7 
Table 3. Metabolism of ketone bodies in animal tissues (sliced or intact) 
The substrate was 5 mm-acetoacetate, incubated at 40°. 
Metabolic changes (umoles/g. dry wt./hr.) 
) a | 
B-Hydroxy- : 
Acetoacetate butyrate Acetoacetate O, equivalents 
Tissue O, removed formed oxidized Acetoacetate oxidized 
Rat-kidney cortex (sliced) —814 — 235 +69 — 166 5- 
Rat spleen (sliced) — 398 -— 135 +24 -111 3-7 
Rat-brain cortex (sliced) — 651 — 167 +45 —122 55 
Rat testis (teased out) — 454 — 84 +16 — 68 6-8 
Guinea-pig smooth muscle — 206 — 67 +20 - 47 4-6 
(taenia of colon, intact) 
Pigeon pancreas (sliced) — 331 — 99 +27 - 72 4:8 





ketone bodies can contribute to the respiration of 
individual tissues. Information on this point can 
be obtained by relating the amounts of aceto- 
acetate oxidized to the oxygen consumption. The 
complete oxidation of acetoacetate requires 4 mole- 
cules of O, per molecule of acetoacetate. As shown 
in Table 2, the ratio (O, equivalents used)/ 
(acetoacetate oxidized) was a little over 4 in sheep 
heart and kidney cortex and somewhat higher in 
the other tissues.* If acetoacetate is the only sub- 


* When acetoacetate is aerobically reduced to B-hydroxy- 
butyrate there are two major electron acceptors, namely 
O, and acetoacetate. This must be borne in mind when 
calculating the percentage contribution to respiration of 
acetoacetate. In Tables 2 and 3 the sum of £-hydroxy- 
butyrate and O, has been expressed as ‘O, equivalents’, 
taking 2 molecules of B-hydroxybutyrate as equivalent to 
1 molecule of .. 


strate of respiration the value of this ratio is 4. If 
the value of the ratio is n, the percentage contribu- 
tion of acetoacetate to the fuel of respiration is 
(4/n) x 100. It can be calculated from this formula 
that acetoacetate contributed over 90% to the fuel 
of respiration in the heart, 85% in the sheep-kidney 
cortex and 74% in the diaphragm. Data given in 
Table 3, which refer to tissue slices or intact iso- 
lated tissues, show that the contribution of aceto- 
acetate is of a similar magnitude in rat-kidney 
cortex, spleen, brain, testis, pancreas and smooth 
muscle. 

Experiments on isolated tissue may be frowned 
upon as being unphysiological, especially as far as 
quantitative aspects are concerned. Together with 
J. R. Williamson (Williamson & Krebs, 1961) I 
have therefore repeated the experiments on the 
intact rat heart perfused with saline according to 





Vol 


Tak 
ac 


D 
pyrt 


are! 
the : 


Cc 


Blee 
resu 
som 


con: 
add 
pre} 
tissi 
utili 
inta 
acet 
mig! 
expr 
thes 
does 


stra: 
the. 
a fu 
resp 
non. 
mak 
raise 
dimi 
gluc 
(whe 
relat 
ants 


cont 
keto 
of u 








Vol. 80 


THIRD HOPKINS MEMORIAL LECTURE 


227 


Table 4. Metabolism of acetoacetate in perfused rat heart 


Concentrations of substrate were 5 mm and of insulin 2 milliunits/ml.; for full experimental details see William- 


son & Krebs (1961). 


Substances added to perfusate 
A 








ct ‘ 
Acetoacetate, Acetoacetate, Acetoacetate, 
? Acetoacetate insulin glucose glucose, insulin 
Acetoacetate (umoles/g./hr.) — 503 — 375 —515 — 361 
fB-Hydroxybutyrate (wmoles/g./hr.) +211 +172 +205 +147 
O, (wmoles/g./hr.) — 1455 — 1455 — 1607 — 1607 
O, equivalents re £ . 
ee ee cs , 54, 5-52 a 
Acetoacetate oxidized oo * 7-7 — 
Contribution of acetoacetate to 75 55 73 51 


fuel of respiration (%) 


Table 5. Effect of crude anterior pituitary extract on 
acetoacetate from pyruvate in rat-liver homogenate 


| Data refer to 4 ml. of a 10% homogenate with 20 mm- 
pyruvate, incubated for 60 min. at 30°. The values shown 
are means, standard error of the means and, in parentheses, 
the number of observations. 

) Acetoacetate formed 

(umoles/hr.) 


Control 2-48 + 0-267 (24) 
With 5 mg. of dried anterior 3°80 +0-245 (24) 


| pituitary 


results is given in Table 4. As in the homogenates, 
some acetoacetate was reduced and some oxidized. 
When acetoacetate was the only added substrate it 
contributed 75% to the fuel of respiration. The 
addition of glucose and even insulin [which in this 
preparation causes a rapid uptake of glucose by the 
} 


| Bleehen & Fisher (1954). A summary of some 


tissue (Bleehen & Fisher, 1954)] did not depress the 
utilization of acetoacetate very much. Thus in the 
intact rat heart, as in the sheep-heart homogenate, 
acetoacetate is the preferred fuel of respiration. It 
might be argued that the tissues of ruminants are 
expected to utilize ketone bodies readily because 
these arise in large amounts in the rumen, but this 
F does not apply to rat tissues. 

The finding that ketone bodies are ready sub- 
strates of respiration suggests that their presence in 
the circulating blood serves to supply tissues with 
a fuel of respiration; that their function in this 
respect is analogous to that of glucose and the 
non-esterified fatty acids. This concept would 
make it plausible why the ketone body level is 
raised when the supply of utilizable glucose is 
diminished, as is the case in starvation (when the 
L glucose concentration is lowered) or in diabetes 
(when glucose is present but not utilizable). The 
relatively low glucose level in the blood of rumin- 
ants is also in accordance with this idea. 

If this concept is correct it may be expected that 
control mechanisms exist which adjust the blood 
ketone body level to requirements so that the lack 
of utilizable glucose is compensated by a raised 
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ketone body level. A hormonal control mechanism 
is in fact indicated by the observation that anterior 
pituitary extracts are ketogenic in the intact 
animal (Burn & Ling, 1930). Experiments on liver 
homogenates show that the liver is the site (or one 
of the sites) of action of the hormone. Crude 
extracts of the anterior pituitary, when added to 
liver homogenates in the presence of pyruvate, 
raise the ketone body production on average by 
50% [Table 5; L. Adler & H. A. Krebs, unpub- 
lished work; see also Shipley, (1944)]. The active 
principle of the anterior pituitary is not identical 
with growth hormone, adrenocorticotrophic hor- 
mone or corticotrophin A. It is not precipitated by 
trichloroacetic acid and is heat-stable. The problem 
of its chemical nature and mechanism of action is at 
present under investigation. 

Acetoacetate is not the only substrate which 
competes with glucose. In many tissues fatty 
acids are a ready fuel of respiration. According to 
Wertheimer & Ben-Tor (1952) rat diaphragm can 
oxidize fatty acids in vitro but prefers glucose if 
available. Cardiac muscle also oxidizes fatty acids 
(Bing, 1954-55; Ballard, Danforth, Neagle & Bing, 
1960; Shipp, Opie & Challoner, 1961). In the 
experiments on rat heart (Table 4) the fraction of 
respiration not accounted for by the oxidation of 
acetoacetate was largely due to the oxidation of 
endogenous material, presumably fat, as indicated 
by the non-disappearance of sufficient glucose or 
glycogen. That fat can serve as a major fuel of 
respiration in muscular exercise has been especially 
brought home by the observations of Pugh e¢ al. 
(1960) on channel swimmers who spend about 
10 000 keal. during the swim and in the absence of 
sufficient carbohydrate cannot defray the greater 
part of their energy expenditure except by the com- 
bustion of fat. Migratory insects such as certain 
leaf-hoppers or the Monarch butterfly (see Weis- 
Fogh, 1952) and birds of passage (Odum & Connell, 
1956; Odum, 1960) are also known to rely mainly 
on fat as a source of energy during flight. 

When Gemmill (1942) reviewed the question of 
the fuel of muscular exercise 20 years ago he came 
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to the conclusion that carbohydrate was the fuel, 
and that fat was not used directly by muscle. 
These views are no longer tenable. Ketone bodies 
and fatty acids can in many circumstances replace 
carbohydrate as an aerobic fuel of muscular 
exercise. Carbohydrate, however, has the ad- 
vantage of being a source of energy also under 
anaerobic conditions. 


/\ now wish to turn to another aspect of ketone 
ody metabolism, the ready reversibility of the 
reaction : 


Acetoacetate + DPNH, 
= D(—)-f-hydroxybutyrate + DPN, 


catalysed by D(—)-B-hydroxybutyric dehydro- 
genase. The oxidation of f-hydroxybutyrate to 
acetoacetate occurs in many tissues when condi- 
tions are aerobic and D(—)-f-hydroxybutyrate is 
available (Jowett & Quastel, 1935). The reduction 
of acetoacetate is particularly rapid under anaerobic 
conditions and is accelerated in tissue homogenates 
when these are supplemented with hydrogen 
donors such as citrate, «-oxoglutarate, glutamate, 
pyruvate or malate. But as already shown in 
Table 1, the reduction also occurs aerobically at 
great speed. As a rule the reduction of acetoace- 
tate is the result of a coupled oxido-reduction 
mediated by diphosphopyridine nucleotide, accord- 
ing to the general equation: 


Substrate + DPN = oxidized substrate + DPNH, 
Acetoacetate + DPNH, = f-hydroxybutyrate 
+DPN 








sum: Acetoacetate + substrate 
= B-hydroxybutyrate + oxidized substrate. 


This mechanism accounts for the effects of all sub- 
strates except succinate. As the redox potential of 
the succinate-fumarate couple is about 300 mv 
more positive than that of the B-hydroxybutyrate— 
acetoacetate couple, succinate cannot donate 
appreciable quantities of hydrogen atoms to 
acetoacetate. Yet (see Table 1) succinate can sub- 
stantially accelerate the reduction of acetoacetate. 
What, then, is the mechanism of the succinate 
effect ? 

Since reduced diphosphopyridine nucleotide is 
certain to be the immediate hydrogen donor for 
acetoacetate, succinate must increase the rate of 
supply of reduced pyridine nucleotide. That it in- 
creases its concentration is in fact already well 
established. It was first demonstrated by Chance & 
Williams (1955), and thermodynamic considera- 
tions postulate, as in the case of B-hydroxybutyr- 
ate, that this cannot be a direct transfer of 
hydrogen atoms from succinate to pyridine nucleo- 
tide. The effects of succinate on the reduction of 
diphosphopyridine nucleotide and of acetoacetate 
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have thus a common basis, namely the reduction of 
diphosphopyridine nucleotide, which precedes the 
reduction of acetoacetate. Owing to catalytic 
action of diphosphopyridine nucleotide, the accumu- 
lation of B-hydroxybutyrate magnifies the primary 
reduction of diphosphopyridine nucleotide, and, 
whereas the reduction of diphosphopyridine 
nucleotide is a reaction which owing to the low con- 
centration of pyridine nucleotide usually comes to 
an end within a few minutes, if not seconds, the 
reduction of acetoacetate may continue over long 
periods, an advantage from the point of view of 
experimentation. 

The question of the mechanism of diphospho- 
pyridine nucleotide and acetoacetate reduction in 
the presence of succinate is the subject of a current 
controversy between Chance and his pupils (Chance 
& Hollunger, 1957, 1960; Chance & Hagihara, 1960; 
Klingenberg, Slenczka & Ritt, 1957; Azzone, 
Ernster & Klingenberg, 1960; Klingenberg & 
Schollmeyer, 1960) on the one hand, and the 
Oxford team on the other (Birt & Bartley, 1960; 
Kulka, Krebs & Eggleston, 1961; Krebs, Eggleston 
& d’Alessandro, 1961). Chance assumes that the 
oxidation of succinate causes an increased forma- 
tion of adenosine triphosphate, and that the 
accumulating adenosine triphosphate causes a 
reversal of oxidative phosphorylation, as_illus- 
trated by the following scheme of the electron 
transport between reduced diphosphopyridine 
nucleotide and flavoprotein (FP): 


DPNH,+FP+ADP+P = DPN+FPH,+ATP. 


If this system is in equilibrium, addition of aden- 
osine triphosphate would cause the reaction to 
proceed from right to left, which means a reduction 
of diphosphopyridine nucleotide. That some stages 
of oxidative phosphorylation are reversible is shown 
by the ATP-P and ATP-ADP exchange reactions; 
the hypothesis is therefore feasible. 

An alternative explanation is based on kinetic 
considerations and is illustrated by Fig. 1, which 
shows a diagram of the relevant aspects of electron 
transport. The main feature is the joint terminal 
pathway of the electrons from succinate and from 
reduced diphosphopyridine nucleotide, the separate 
pathways joining at the cytochrome level (see also 
Wu & Tsou, 1955; Ringler & Singer, 1959; Kimura, 
Singer & Lusty, 1960). At this stage a competition 
occurs between the electrons from succinate and 
those from reduced diphosphopyridine nucleotide. 
Under many conditions those from succinate win in 
this competition as shown by the measurement of 
the succinate disappearance, the formation of 
fumarate and malate and the oxygen consumption. 
Most of the respiration can be accounted for by the 
reaction: 


Succinate + 40, > fumarate + H,O > malate. 
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(2) 


Cytochrome (3) 





O, 


(4) 


Fig. 1. Diagram of electron transport. For details see text. 


It is further of importance that the oxidation of 
succinate yields a product, malate, which readily 
donates electrons to diphosphopyridine nucleotide 
by undergoing the reactions of the tricarboxylic 
acid cycle. This causes a rise of the reduced diphos- 
phopyridine nucleotide concentration because the 
transfer of electrons from reduced diphospho- 
pyridine nucleotide to cytochrome is blocked by the 
flow of electrons from succinate to cytochrome. 

If acetoacetate is present it is reduced whenever 
the transfer of electrons to diphosphopyridine 
nucleotide [reaction (1)] is more rapid than the 
transfer of electrons from diphosphopyridine 
nucleotide to oxygen [reactions (2) and (3)]. 
According to this concept succinate competitively 
inhibits reaction (2) and therefore favours the 
accumulation of reduced diphosphopyridine nucleo- 
tide formed by reaction (1) and hence promotes 
reaction (5). 

There are two observations which Chance and his 
followers cite as evidence in favour of the concept 
of a reversal of oxidative phosphorylation. First, 
under some conditions, 2:4-dinitrophenol and 
other uncouplers prevent the reduction of diphos- 
phopyridine nucleotide on addition of succinate. 
If the uncoupling of oxidative phosphorylation 
were the only effect of dinitrophenol this would 
indeed be powerful evidence in support of Chance’s 
hypothesis. But it is not the only effect; dinitro- 
phenol also accelerates the oxygen consumption 
and in particular the electron transport from re- 
duced diphosphopyridine nucleotide to oxygen, 
and (as I shall show later) it inhibits the oxidation 
of succinate. According to the kinetic concept 
circumstances which cause a lowering of the rate of 
succinate oxidation and a rise in the rate of 
electron transport from reduced diphosphopyridine 
nucleotide to oxygen are bound to lower the 
reduced diphosphopyridine nucleotide concentra- 
tion and the formation of B-hydroxybutyrate. The 
dinitrophenol experiments are therefore incon- 
clusive. 


The second observation which Chance (1961) 
and Klingenberg & Schollmeyer (1960) consider as 
evidence for a reversal of oxidative phosphoryl- 
ation is the reduction of diphosphopyridine nucleo- 
tide observed in mitochondrial suspensions on 
addition of adenosine triphosphate. Again if this 
were the only effect of adenosine triphosphate it 
would support Chance’s hypothesis, but this is not 
the case. In the experiments which are quoted as 
evidence adenosine triphosphate also inhibited the 
oxygen uptake (see Fig. 2 of Klingenberg & 
Schollmeyer, 1960). The reason for this is not 
certain, but whatever the mechanism a decreased 
oxygen consumption [i.e. a decreased rate of (2) 
and (3)] would account for a raised reduced di- 
phosphopyridine nucleotide level. Thus the effects 
of adenosine triphosphate are likewise inconclusive, 
as they can be explained by both hypotheses. 
There are two further findings which are not com- 
patible with the idea of the reversal of oxidative 
phosphorylation but agree with the kinetic con- 
cept. First, 1 mm-amytal accelerates the reduction 
of acetoacetate and this occurs in the presence as 
well as in the absence of succinate (see Table 6). In 
the absence of succinate 1 mm-amytal is a slight 
inhibitor of oxidative phosphorylation and of 
respiration, but in spite of this it increases the 
rate of reduction of acetoacetate. This increase 
cannot be explained by a reversal of oxidative 
phosphorylation, but is accounted for by the 
kinetic concept. Amytal is known to inhibit 
reaction (2) of Fig. 1 without blocking it completely. 
It still permits the oxidative formation of reducing 
agents which convert diphosphopyridine nucleo- 
tide into reduced diphosphopyridine nucleotide. 

Still more convincing are experiments with high 
concentrations of dinitrophenol (0-5 mm) plus 
amytal. In the presence of these two agents oxid- 
ative phosphorylation is strongly inhibited, yet 
the reduction of acetoacetate in the presence of 
succinate is very rapid (Table 7). In this experi- 
ment dinitrophenol alone abolished the reduction 
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of acetoacetate, but this is explained by a specific 
effect of dinitrophenol on the oxidation of succin- 
ate not hitherto observed. As seen from Table 7, 
0-5 mm-dinitrophenol inhibited the oxidation of 
succinate about 40% whilst the total oxygen con- 
sumption fell by 15% only. The differences in the 
inhibition of succinate removal and oxygen con- 
sumption mean that dinitrophenol affects the 
competition for the common electron pathway in 
favour of reduced diphosphopyridine nucleotide 
and against succinate. Amytal, by inhibiting 
electron transport from reduced diphosphopyridine 
nucleotide to cytochrome, affects the competition 
in the opposite direction and restores the oxidation 
of succinate. Why dinitrophenol inhibits the 
oxidation of succinate and favours the oxidation of 
reduced diphosphopyridine nucleotide, and further 
why amytal counteracts the slight inhibition of the 
oxygen uptake by dinitrophenol in the presence of 
succinate cannot yet be explained. The effects are 
observed only when the mitochondrial structure is 
essentially intact and not with purified succinic 
dehydrogenase. Dr W. N. Aldridge (personal com- 
munication) suggests that they may be connected 
with mitochondrial swelling. This is being investi- 
gated. 

The observations on the reduction of diphos- 
phopyridine nucleotide or acetoacetate are all 
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accounted for by the kinetic concept whilst the 
occurrence of the reduction of acetoacetate in the 
presence of dinitrophenol plus amytal (Table 7) 
when oxidative phosphorylation is virtually 
abolished is incompatible with the hypothesis of 
Chance. 

The occurrence of a reversal of oxidative phos- 
phorylation, as postulated by Chance, is of course 
not denied, and it is likely that under some experi- 
mental conditions the reversal can cause a reduc- 
tion of diphosphopyridine nucleotide and even 
acetoacetate. But it is very improbable that it 
plays a major role in respiring tissue preparations. 
The view is firmly supported that a reduction of 
acetoacetate occurs whenever the rate of hydrogen 
transport from available substrates to diphospho- 
pyridine nucleotide is greater than the rate of 
hydrogen transport from reduced diphosphopyr- 
idine nucleotide to cytochrome. Under these cir- 
cumstances more reduced diphosphopyridine nu- 
cleotide is available than is required as substrate of 
oxidative phosphorylation, and if acetoacetate is 
present it is reduced by the surplus of reduced 
diphosphopyridine nucleotide. 

The ready physiological, as opposed to experi- 
mental, interconversion of the two ketone bodies is 
a remarkable phenomenon. Although many oxido- 
reductions are reversible in animal tissues, the 


Table 6. Effect of amytal on acetoacetate metabolism in sheep heart 


Data refer to 4 ml. of a 10% homogenate, incubated for 45 min. at 30°. The gas space was filled with O,, and 
20 pmoles of acetoacetate and 80 pmoles of succinate were added [for experimental details see Krebs et al. (1961)] 


Amytal 
Substrate added (mm) 
Acetoacetate 0 
Acetoacetate, succinate 0 
Acetoacetate 1 
Acetoacetate, succinate 1 


Metabolic changes 
A 





= 
B-Hydroxy- 
O, uptake Acetoacetate butyrate 
(moles) (moles) (umoles) 
— 27-2 - 10-9 + 43 
— 56-0 -15-1 +11-4 
—21-0 - 13-4 + 83 
— 43-0 — 16-8 +173 


Table 7. Effects of 2:4-dinitrophenol and amytal on the metabolism of rat-liver homogenates 
in the presence of succinate and acetoacetate 


Data refer to 4 ml. of a 10% homogenate, incubated for 30 min. at 30°. All vessels contained 20 »moles of 
acetoacetate and 80 moles of succinate. [General technique was as described by Krebs et al. (1961).] 


Vessel no. ee ste soe 1 
Further additions (final concn.) 


Metabolic changes (moles): 


0, — 38-3 
Acetoacetate -—10-2 
B-Hydroxybutyrate + 9-5 
Succinate -71-8 


+57-5 


Fumarate + malate 


2 3 4 
Amytal Dinitrophenol Amytal 
(1-25 mm) (0-5 mm) (1-25 mm) 
Dinitrophenol 
(0-5 mm) 
— 38-8 — 32-6 —41-2 
— 9-4 — 0-2 - 73 
+ 93 + 1-7 + 9-2 
— 70-6 —41-2 — 72-5 
+543 +237 +51:3 
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reductions do not as a rule occur readily because 
under physiological conditions, i.e. in the presence 
of oxygen, the equilibria are in favour of the oxid- 
ation. The exceptional reversibility of the aceto- 
acetate—-B-hydroxybutyrate system raises the 
question whether a special physiological signifi- 
cance attaches to it. A relevant observation was 
recently reported by Devlin & Bedell (1960) who 
showed that reduced diphosphopyridine nucleotide, 
which is not attacked when added to liver mito- 
chondria, undergoes oxidation in the presence of 
acetoacetate. They suggest that the acetoacetate— 
B-hydroxybutyrate system may act as a hydrogen 
carrier which transfers electrons from extramito- 
chondrial reduced diphosphopyridine nucleotide 
to an intramitochondrial site where the oxidation of 
reduced diphosphopyridine nucleotide, coupled 
with phosphorylation, takes place (see Fig. 2). It is 
assumed that oxidative phosphorylation can only 
occur at special sites and that B-hydroxybutyrate 
acts as a ‘shuttle’, transporting electrons from 
other sites to the effective ones. If this is correct 
and if a substantial proportion of the hydrogen 
atoms of organic substrates pass through this 
‘shuttle’ then the potential rates of the reduction of 
acetoacetate should be comparable with those of 
respiration. Measurements of the maximum rates 
which are obtained with mixtures of substrates in 
rat-liver homogenates show that the rates may be 
sufficient to permit the assumption that about half 
of the respiration passes through the ‘shuttle’. In 
other tissues it is rather less. 

As yet it is not possible to decide to what extent 
the acetoacetate—B-hydroxybutyrate system acts 
as a hydrogen carrier in the manner suggested by 
Devlin & Bedell (1960). Another significance of the 
ready reduction of acetoacetate is suggested by the 
fact that the ketone bodies serve as fuels of respira- 
tion in many tissues. Acetoacetate is relatively 
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unstable, especially in blood, where it is de- 
carboxylated to acetone (Rossi, 1938). B-Hydroxy- 
butyrate is stable and is therefore a more suitable 
form of nutrient in the circulating blood. The idea 
that B-hydroxybutyrate is a nutrient in the blood 
plasma recalls the fact that B-hydroxybutyrate, in 
the form of a polymer, is a reserve material in 
many micro-organisms such as Bacillus megaterium, 
Bacillus cereus, Azotobacter, Bacillus anthracis, 
Rhizobium, Pseudomonas, Chromatium, Rhodo- 
pseudomonas and Spirillum (see Hayward, Forsyth, 
& Roberts, 1959). 


I will not attempt to summarize my sketchy 
attempts to throw light on the physiological role of 
the ketone bodies. Instead I prefer to use the rest 
of my time to make a few references to Hopkins in 
whose honour we are assembled today. Apprecia- 
tions of Hopkins’s contributions to biochemistry 
and of the qualities of his personality have been 
eloquently recorded not long ago by many who were 
closely associated with him (see Needham & 
Needham, 1949; Stephenson, 1948, 1949; Dale, 1947, 
1948; Mellanby, 1948; Peters, 1959; Sherrington, 
1947; Dixon, 1947; Harris, 1947). In view of this 
I thought it appropriate if I confine myself to a 
few words about my personal encounters with 
Hopkins, and I hope you will be lenient with me if 
in so doing I speak as much about myself as about 
Hopkins. The circumstances under which I joined 
the Cambridge laboratory in 1933 were somewhat 
unusual. In his annual Presidential Address to 
the Royal Society, on 30 November 1932, Hopkins 
(1932) had discussed, in complimentary terms, my 
investigations on the synthesis of urea, then just 
published, quoting them as.an example of current 
research on the chemistry of living tissues. I was 
working at that time in the Department of Medicine 
of the University of Freiburg im Breisgau. A few 
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Fig. 2. The £-hydroxybutyrate shuttle. Scheme suggested by Devlin & Bedell (1960) to account for the effect 
of acetoacetate on the oxidizability of extramitochondrial DPNH,. ‘Extra-mitochondrial’ DPNH, which has 
no access to the ‘intramitochondrial’ site of oxidative phosphorylation reduces acetoacetate to B-hydroxy- 
butyrate The latter enters the mitochondrion and interacts with DPN situated at the site of the electron- 


transfer chain. The acetoacetate formed diffuses into the extramitochondrial area. 
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weeks after Hopkins’s address, on 30 January 1933, 
the Nazis assumed power, and their policy of 
persecution reached the German universities soon 
afterwards. At this critical moment when my 
future was very uncertaiin, on 22 April 1933, I 
received a letter from Albert Szent-Gyérgyi who 
had visited Cambridge some days earlier, telling 
me that people in the Cambridge biochemical 
laboratory (whom I had never met personally) had 
expressed concern about my fate and would be 
willing to help me should I get into difficulties, and 
he suggested that I should write to Hopkins. I 
responded without delay and received a prompt 
reply from Hopkins beginning with the words 
‘I admire your work so much that I am very 
anxious to help you’. This was indeed a cheering 
message. He promised to look for financial support 
and explained that this might take a few weeks. 
Soon afterwards Dr Robert Lambert of the Rocke- 
feller Foundation, which at that time supported 
my research—and has done so ever since—told me 
that the Foundation might possibly provide me 
with a one-year maintenance grant so that I could 
continue my work in England. The warmth of 
Hopkins’s letters, the goodwill of the Rockefeller 
Foundation, and the unpleasantness of the German 
scene, encouraged me to set off for Cambridge 
although there were no definite prospects. I 
arrived there at the end of June. Hopkins con- 
firmed that with the help of the Rockefeller 
Foundation I could work in his laboratory and 
characteristically he apologized for the inadequacy 
of the maintenance grant. In the circumstances, 
having just escaped the horrors of Nazi Germany, 
the grant did not seem to me at all inadequate. On 
the contrary I thought it was princely and I 
accepted at once. 

The contrast between the world from which I 
had come away and the world which I entered was 
indeed enormous. Nazi philosophy had infiltrated 
all strata of German life and had created a dreadful 
atmosphere. The teaching of Mein Kampf had 
whipped up the worst of primitive instincts. There 
were savage brutalities in day-to-day life in the 
form of beatings, shootings and murder, personal 
vituperation, bad faith, incredible arrogance. 
Before the Nazis assumed power the worst features 
of their creed had been somewhat restrained, in 
particular in the universities, but after 30 January 
they swept into the open everywhere. It was a 
great shock to see how some of one’s immediate 
colleagues, either because of conviction or because 
of blackmail and political pressure, adopted the 
official Nazi doctrines and cold-shouldered the 
political opponents of the Nazis. After this 
experience the warmth which greeted me at 
Cambridge from the minute of my arrival was 
indeed touching and heartening. There was a 


spirit of friendliness, of humanity, of tolerance and 
of fairness which had vanished in Germany. It was 
in Hopkins’s laboratory where I saw for the first 
time at close quarters some of the characteristics of 
what is sometimes referred to as ‘the British way of 
life’. The Cambridge laboratory included people 
of many different dispositions, convictions and 
abilities. I saw them argue without quarrelling, 
quarrel without suspecting, suspect without 
abusing, criticize without vilifying or ridiculing, 
and praise without flattering. Hopkins was the 
central figure, beloved and respected as a natural 
leader, exercising leadership from within and not 
from above, utterly humble, modest, gentle, but by 
no means weak. For he had sufficient confidence 
in himself, as a leader must, to make decisions and 
to fight with tenacity for the aims in which he 
believed. Although President of the Royal Society, 
and 72 years old, he was accessible to all and always 
ready to help. I never heard him plead that he was 
too busy and had no time. His concern ranged far 
beyond biochemistry, Cambridge University and 
the Royal Society. What struck me, in particular 
contrast with the German scene, was the strong 
‘social conscience’ of Hopkins and his school, their 
deep concern for affairs of the world at large. One of 
its many manifestations was the practical help 
given, with substantial personal sacrifices, to 
refugees. Between 1933 and 1935 the laboratory 
sheltered six refugees from central Europe: 
Friedmann, Lemberg, Chain, Weil-Malherbe, Bach 
and myself. 

To me, as to many others, life in Hopkins’s 
laboratory was a great education. When I arrived 
in Cambridge I had already some years of research 
experience, mainly under the guidance of Otto 
Warburg. Warburg had taught me the alphabet of 
scientific research; he set an example of asking the 
right question, of forging new tools for tackling the 
chosen problem, of being ruthless in self-criticism, 
of taking pains in verifying facts, of expressing 
results clearly and concisely, of focusing life on 
true values. Hopkins’s laboratory became to me a 
model of an academic community, harmoniously 
working for a common purpose, in an atmosphere 
of mutual trust, encouragement and help, inspired 
by the outstanding qualities of character and in- 
tellect of its central figure. 

Hopkins’s laboratory was a model also of how 
true and lasting strength can be achieved in a 
team of scientists. Biological principles teach us 
that the strength of any population derives from 
the diversity of its individual members. A popula- 
tion is more likely to survive hazards the greater 
its diversity (see Medawar, 1957). Hopkins’s 


school never concentrated on a few limited topics 
as many other schools did. His own research 
group was small. He encouraged the team to be 
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versatile ; everyone competent and enthusiastic was 
given the chance to venture ahead with his own 
ideas. This was probably a major cause of the far- 
reaching influence which the Cambridge school 
exerted on the development of the subject. It safe- 
guarded the school against one of the worst hazards 
which can befall a team of scientists, the danger of 
losing the spirit of adventure and becoming obsolete 
in outlook and method. 

You will appreciate that to me Hopkins is not 
only the great biochemist but also a man to whom 
I became deeply attached for very personal 
reasons. At a critical stage of my life, when the 
country of my birth proscribed me, he helped me, 
though a stranger, and welcomed me to the 
community of his laboratory, and together with his 
collaborators he initiated me into a new society. 
Sooner than I thought possible I was transformed 
from the stage of the visitor to that of a member. 
A token of this transformation was a touching set 
of incidents at the annual Sir William Dunn 
dinners, where, with Hopkins presiding, the 
memory of the benefactor of the Cambridge School 


of Biochemistry was honoured. When I attended ~ 


this for the first time, after almost a year’s stay, I 
was asked to reply to the Toast of the Visitors from 
Overseas, and a year later I was invited to propose, 
on behalf of the School, the Toast of the Visitors 
from Overseas. I cannot help feeling that the 
invitation of your Committee to stand in this 
place today, on the special occasion of the 100th 
Anniversary of Hopkins’s birth and the 50th 
Anniversary of The Biochemical Society, is in the 
tradition of the very same spirit, demonstrating the 
acceptance of the one-time stranger into the family 
of British biochemists. For this I shall always be 
truly grateful. 
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The isolation of alternariol and its monomethyl 
ether from the mycelium of Alternaria tenuis Auct., 
after growth on Czapek—Dox solution, was de- 
scribed by Raistrick, Stickings & Thomas (1953). 
Chemical degradation and synthetic studies estab- 
lished the structure (I) of alternariol, C,,H,)0;, the 
biosynthesis of which was subsequently shown to 
involve the head-to-tail condensation of acetate 
units (Thomas, 1961a). 

The position of the methoxy] group in alternariol 
monomethyl] ether was not determined, but of the 
three possible alternatives (II, III or IV), shown in 
Fig. 1, the structure (II) was thought to be incon- 
sistent with the intense purple ethanolic ferric 
reaction, which is normally associated with sub- 
stituted salicylic acids. Further, the positive 
purple colour reaction obtained in borate buffer, 
pH 9-2, on addition of 2:6-dichloroquinonechloro- 
imide, provided further evidence (Gibbs, 1927) for 
the presence of a phenolic hydroxyl group with a 
free para position, which is absent in structure (IT). 
Additional evidence for the existence of a free 
hydroxyl ortho to the lactone carbonyl is now 
2pparent from consideration of the infrared spectra 
of alternariol, its monomethyl ether and the tri- 
methyl ether C,,H,,O;, which is devoid of free 
hydroxyl] substituents. Thus the carbonyl stretch- 
ing frequencies of alternariol, 1665cm.-1 (in 
Nujol), 1683 cm.—! (in chloroform) and alternariol 
monomethyl ether, 1650, 1657 cm.-! (in Nujol), 
1672 cm.-1 (in chloroform) are appreciably lower 
than that of alternariol trimethyl] ether, 1725 em.-* 
(in Nujol). In view of the proximity of the peaks in 
Nujol and chloroform, the lower frequency of 
alternariol relative to the trimethyl ether may be 
correlated with the known structure (I), as 
resulting from intramolecular hydrogen bonding 
between the o-hydroxyl group and the carbonyl of 
an unstrained 6-lactone ring (Bellamy, 1958; 
Duncanson, Grove & Zealley, 1953). The presence 


* Part 3: Thomas (19616). 

+ Present address: Department of Microbiology, Squibb 
Institute for Medical Research, New Brunswick, New 
Jersey, U.S.A. 


of similarly low carbonyl frequencies, in both 
alternariol and its monomethyl ether, is in accord 
with the existence in both compounds of an o- 
hydroxyaroy] structure. 

Of the two remaining alternatives (III and IV), 
it was tentatively suggested on the grounds of a 
possible relationship with the other metabolites of 
A. tenuis that (III) was the more likely (Thomas, 
1951), and evidence confirming this structure for 
alternariol monomethyl ether is presented below. 


O—CO 
OR! 
ae 
CH, OR? 


Fig. 1. Alternariol (1) and its monomethy] ethers: 
(I) R' = R' = R* = i. 


(II) R'=CH,;R?=H; R* =H. 
(III) R' =H; R? =CH,; R* =H. 
(IV) R'=H; R?=H; R*® =CH;,. 
0—CO 
OMCH, HO,C OCH, 
wo) (a) Bate moon) 
an ___/ KMn0, 
CH, OR OR 
(V) (VI) 


Fig. 2. Oxidation of alternariol monomethyl ether after 
dimethylation with CH,I. The table shows the expected 
ratio of activities of alternariol trimethyl ether (V) and its 
oxidation product (VI) based on the alternative structures 
(III) and (IV) for the monomethy] ether. 


Ratio sp. 
Alternariol trimethyl activities, 
Alternariol ether (V) vI x 100 
monomethyl —_—"—— V 
ether R R’ % 
(IV) CH, CH, 100 
(IIT) CH; 4CH, 50 
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In the course of the determination of the 
structure of alternariol (Raistrick et al. 1953), it was 
observed that alternariol trimethyl ether, on oxid- 
ation with aqueous alkaline permanganate solution, 
gave rise to a mixture of 3:5-dimethoxyphthalic 
acid and 4:6-dimethoxyphthalonic acid, in com- 
bined yields of about 70%. It was therefore 
decided to ethylate alternariol monomethyl ether 
and carry out an analogous oxidation of the 
diethyl ether, C,,H,.O0;, to the corresponding 
dialkoxyphthalic acid, the nature of which would 
unequivocally establish the position of the original 
methoxyl group. However, repeated oxidation 
attempts under carefully controlled conditions, 
known to be satisfactory for the oxidation of 
alternariol trimethyl ether, failed to produce more 
than a very low yield of a non-crystalline extract. 

In order to overcome this difficulty, an alter- 
native approach was considered which involved the 
methylation of alternariol monomethyl ether with 
[4C]methyl iodide. It was anticipated that this 
would give rise to the trimethyl ether containing 
two O4CH, groups (V), oxidation of which would 
yield 3:5-dimethoxyphthalic acid (VI) containing 
either one or two O14CH, groups (i.e. either 50 % or 
100 % of the original activity), thus distinguishing 
between the alternative structures (III) and (IV) 
respectively (Fig. 2). 

Accordingly, alternariol monomethyl ether, 
which was shown to be uncontaminated with 
alternariol, was methylated with methyl] iodide in 
dry acetone solution in the presence of anhydrous 
potassium carbonate. Despite the use of conditions 
known to be suitable for complete methylation 
with dimethyl sulphate, methyl iodide only gave 
rise to a partially methylated product, even on 
prolonged refluxing with a tenfold excess of the 
freshly distilled liquid. Attempts to isolate the 
required trimethyl ether from the mixture by 
recrystallization from acetone only yielded a 
product giving an intense reddish-purple ethanolic 
ferric reaction, thus showing the methylation to be 
incomplete. 

However, even partial methylation with [24C]- 
methyl iodide appeared likely to be adequate for 
this purpose, since completion of the methylation 
with inactive dimethyl sulphate would still give 
rise to a labelled trimethyl ether. The activity of 
the 3:5-dimethoxyphthalic acid, obtained on 
oxidation of this ether, would likewise be dependent 
upon the position of the original methoxyl group in 
alternariol monomethyl ether. Thus the structure 
(IV) would give rise to labelling in ring B only, 
which would result in the retention of 100 % of the 
activity in the oxidation product as before, whereas 
the activity of the dimethoxyphthalic acid derived 
from the alternative structure (III) would now 
depend upon the nature of the preliminary partial 
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methylation. In this case, since the benzene ring of 
the phthalic acid obtained on oxidation arises from 
ring B of alternariol, labelling in ring A alone 
would lead to an oxidation product free from 
radioactivity. On the other hand, exclusive 14C- 
labelling of ring B would again yield a phthalic 
acid containing all the original activity. Partial 
methylation of both rings with [*4C]methyl iodide 
would consequently produce an intermediate 
result, dependent upon the preferential methyl- 
ation of the two free phenolic hydroxyl groups. 

Accordingly, labelled alternariol trimethyl] ether 
was prepared by sequential methylation with 
[44C]methy] iodide and inactive dimethyl] sulphate. 
Subsequent oxidation with alkaline permanganate 
yielded 3:5-dimethoxyphthalic acid, which, on 
assaying as the pure anhydride, proved to contain 
20-4% of the activity of the parent labelled tri- 
methyl ether. This result unequivocally favours 
structure (III) for alternariol monomethyl ether. 
From the distribution of labelling between rings A 
and B (approx. 4:1), it follows that the hydroxyl 
group on Cz, (ring B) is less reactive than that on 
Cy, (ring A), probably owing to its hydrogen 
bonding with the ortho lactone carbonyl group. 
As a consequence of the relative inactivity of the 
hydroxyl group on Cg, partial methylation of 
alternariol with labelled methyl iodide thus pro- 
vided a greater distinction between the alternatives 
(III) and (IV) than would have resulted from 
complete methylation. 

On methylation of alternariol (I) under the usual 
conditions for the preparation of the trimethyl 
ether, but with only one mole equivalent of 
dimethyl sulphate, a partially methylated product 
was readily obtained, which on recrystallization 
proved to be identical with the naturally occurring 
monomethyl ether (III). It thus appears that the 
ease of methylation of the three hydroxy] groups of 
alternariol falls in the sequence 5 > 4’ > 3, 
although this assumes that dimethyl sulphate 
and methyl iodide would methylate in the same 
order. 

This investigation provides an instance of the 
use of isotopic labelling as an aid to structure 
determination, as opposed to its more conven- 
tional application to the study of biosynthetic 
pathways. This approach should prove of value in 
the solution of problems of a similar nature. 

Among the many known phenolic constituents of 
fungi (cf. Raistrick, 1949), the number of recorded 
isolations of any individual phenol and its methyl 
ether from the same culture are relatively few. 
However, alternariol and its methyl ether are not 
unique in this respect and analogous examples 
include the Aspergillus nidulans depsidones, 
nidulin and nornidulin (Dean, Robertson, Roberts 
& Raper, 1953) and the Daldinia concentrica 
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products, 1:8-dihydroxynaphthalene mono- and 
di-methyl] ethers (Allport & Bu’Lock, 1960). 

In addition to alternariol and its monomethyl 
ether, a number of other products have been iso- 
lated from strains of A. tenuis and partially 
characterized (Rosett, Sankhala, Stickings, Taylor 
& Thomas, 1957). These are summarized in 
Table 1. 

With the exception of tenuazonic acid, which 
was shown by Stickings (1959) to be «-acetyl-y- 
sec.-butyltetramic acid, it is evident, even on the 
basis of their molecular formulae, methoxyl and 
carbon-methyl contents, that these compounds are 
probably structurally and biosynthetically inter- 
related. Thus Sankhala (1956) in an investigation 
of the chemistry of altertenuol, C,,H,,0,, obtained 
evidence consistent with a structure related to 
alternariol methyl ether, which could result from 
the addition of a hydroxy] and the removal of a 
carbon-methyl group from ring A; in respect to 
ring B, both compounds are probably identical, 
although the position of the methoxy] is unknown. 

It has also been demonstrated that the ring B of 
alternariol is present in altenuic acid I, C,;H,,O,, 
since, on methylation with diazomethane followed 
by alkaline hydrolysis and oxidation with aqueous 
permanganate, it yielded the alternariol oxidation 
products, 3:5-dimethoxyphthalic acid and 4:6- 
dimethoxyphthalonic acid, in addition to two 


products of unknown constitution (Thomas, 1951). 
Since Rosett et al. (1957) showed the alienuic acids 
I and II to be easily convertible into altenuic acid 
III, the existence of a moiety identical with ring B 
of alternariol may be anticipated in each case. 

The remaining metabolites altenusin, C,,;H,,0,, 
and its oxidation product dehydroaltenusin, 
C,;H,,.O,, can at present only be related to alter- 
nariol indirectly through altenuic acid II, on the 
basis of similar ultraviolet-absorption spectra 
(Table 2), although, as previously mentioned, 
analytical data alone strongly indicate a structural 
relationship. Thus the three absorption maxima of 
dehydroaltenusin closely parallel those of altenuic 
acid IT, which in turn occur at similar wavelengths 
to the three peak values of orsellinic acid (2:4- 
dihydroxy-6-methylbenzoic acid). Since orsellinic 
acid is a simple derivative of ring B of alternariol 
and since this ring appears to be unchanged in 
altenuic acid I, it seems likely that its presence in 
dehydroaltenusin (and consequently altenusin) 
provides the simplest interpretation of its ultra- 
violet-absorption data. 

The presence of additional peaks in the spectrum 
of alternariol (which closely approximated to the 
spectra of alternariol mono- and tri-methyl ethers) 
indicates the existence of additional conjugation to 
that present in orsellinic acid, as would be antici- 
pated from the presence of a diphenyl structure. 


Table 1. Metabolites of Alternaria tenuis A uct. 


M.p. C-methyl 

Alternariol C,,H,,0; 3505 1 
Alternariol methyl ether C,,H,O, (OMe) 267 1 
Altenuic acid I C,,H,,0, (OMe) 183-184 1 
Altenuic acid II C,4H,,0, (OMe) 245-246 1 
Altenuic acid IIT C,,H,,0, (OMe) Variable 1 

185-235° 
Altenusin C,,H,,0,; (OMe) 202-203° 1 
Dehydroaltenusin* C,,H,O; (OMe) 189-190° 
Altertenuol C,,;H,O,; (OMe) 284-285‘ 0 
Tenuazonic acid C,9H,,;0,N B.p. 117°/ 3 


0-035 mm. 


* May be an artifact of the isolation procedure (Rosett, Sankhala, Stickings, Taylor & Thomas, 1957). 


Table 2. Ultraviolet-absorption maxima of alternariol, dehydroaltenusin, altenuic acid II and orsellinic acid 


All measurements were made in ethanol solution (7-20 mg./l.), except where otherwise stated. 


Amax. (Mp), (log « values in parentheses) 
A 





Alternariol 
290 (4-02) 


Dehydroaltenusin 
Altenuic acid IT 
Orsellinic acid* 
Orsellinic acid 

(in 0-1 N-HCl)+ 


297 (3-93) 
295 (3-85) 
297 (3-72) 
296 (3-50) 


a 
335-342 (4-06) 


301 (4-05) 
220 (4-53) 
(shoulder) 


257 (4-73) 


255 (4-31) 221 (4-45) 
257 (4-21) 219 (4-62) 
262 (4-07) 216 (4-48) 
260 (3-99) 214 (4-29) 


* Orsellinic acid synthesized from orcinol (Thomas, 1961 a). 
+ Computed from the curve obtained by Mosbach (1960). 
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O—CO 


OH 
7CH,+CO,H ——> HO —— > HO 


CH 0-CH, 


OH 
HO C,H,0, 


HO 0-CH, 


(VII) - 


O—CQ 


3 (VIII) CH; 


O—CO 
OH 


C,H,;0, 


0-CH, 0-CH, 


(IX) 


Fig. 3. Suggested biosynthetic interrelationship of A. tenuis phenolic metabolites: (VII), possible structure of 
altertenuol, C,,H,,)0, ; (VIIL), partial structure of altenusin, C,,H,,O4, ; (IX), partial structure of altenuic acids I, 


II and III, C,;H,40,- 





0 
OH 

HO CO,H HO 

CH,-O CH(OH)-CO-CH, HO CO,H OCH, 
(X) (XI) 


Fig. 4. Ustic acid and citromycetin. 
On this basis, the simpler spectra related to 
orsellinic acid of altenuic acid II and dehydro- 
altenusin may be an indication of the modification 
of ring A of alternariol in these compounds. 

If all the monomethoxyl-containing metabolites 
shown in Table 2 are biosynthetically derived from 
alternariol (I) via its monomethy] ether (III), then, 
since alternariol itself has been shown to arise from 
the condensation of acetate units, one could 
reasonably predict a biosynthetic interrelationship 
as illustrated in Fig. 3. 

Methylation of one hydroxyl group in ring B of 
alternariol would be expected to increase the rela- 
tive stability of this ring. Modification of ring A 
of alternariol has already been proposed for 
altertenuol as was mentioned earlier; the methyl 
side chain is probably removed by oxidation and 
decarboxylation. Although the position of the 
additional hydroxyl group is at present undeter- 
mined, among known examples of mould meta- 
bolites containing a trinydroxybenzene moiety the 
1:3:4-orientation is the one most frequently en- 
countered, ef. ustic acid (X) (Raistrick & Stickings, 
1951), fusarubin (Ruelius & Gauhe, 1950) and 
citromycetin (XI) (Mackenzie, Robertson & 


Whalley, 1950) (Fig. 4). The last is particularly 
relevant inasmuch as the carboxyl group, which is 
acid-labile, is known to be derived biogenetically 
through oxidation of an acetate-methyl group 
(Birch e¢ al. 1958). An analogous modification of 
ring A of alternariol followed by decarboxylation 
would thus lead to the structure (VII) for alter- 
tenuol. A possible common precursor of citro- 
mycetin, fusarubin and alternariol has been dis- 
cussed by Thomas (1961a). 

The existing altertenuol degradation data is also 
satisfied by the formulation of ring A as a 1:2:3- 
trihydroxybenzene (pyrogallol) derivative. This 
grouping, although relatively rare among fungal 
metabolites, is known to be present in dihydro- 
fuscin and flavipin (Raistrick & Rudman, 1956). 
Further, all three compounds may share a common 
acetate origin leading to a 1:3-dihydroxybenzene 
intermediate, the additional hydroxylation occur- 
ring after cyclization. However, both dihydro- 
fuscin and flavipin differ from altertenuol in being 
trisubstituted ey ory and it is conceivable 
that their unusual 1:2:3-trihydroxy orientation is 
necessitated by the formation of the three vicinal 
carbon side chains before the final hydroxylation 
step. 

In order to convert alternariol monomethyl 
ether, C,;H,,0;, into the altenuic acids, C,,H,,0,, 
it would be necessary to add H,O,, without either 
the modification of ring B or the loss of a carbon- 
methyl group. Although this may in theory be 
effected without cleavage of ring A, in view of the 
known properties of these acids, a modification of 
this nature merits serious consideration. Such 
cleavages of aromatic rings without loss of carbon 
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are well known, for example, the conversion of 
3-hydroxyanthranilic acid into quinolinic acid and 
the metabolism of protocatechuic acid to f- 
carboxymuconic acid. Each of these examples 
involves the fission of a shikimic acid-derived 
benzenoid derivative. 

Birkinshaw (1953) postulated an analogous mode 
of formation of the heterocyclic mould product 
patulin, through oxidative ring fission of gentisic 
aldehyde. It was subsequently shown that patulin 
can arise from 6-methylsalicylic acid, both of 
which occur together with gentisyl alcohol in 
Penicillium patulum (Bu’Lock & Ryan, 1958; 
Tanenbaum & Bassett, 1959). Similarly, orsellinic 
acid (XII) was converted by ring fission into peni- 
cillic acid (XIV) (Mosbach, 1960) (see Fig. 5). These 
two examples require the oxidative metabolism of 
benzenoid products which are known to arise in 
fungi via the acetate pathway. Further, they could 
both involve fission of the C.-C, bond of a 
substituted 1:3:4-trihydroxybenzene intermediate, 
which may be significant in relation to altertenuol 
as a possible intermediary metabolite of alternariol. 
Of the two possible alternative modes of cleavage of 
orsellinic acid (XII), the one favoured by the 
above hypothesis was in fact that which was shown 
to take place. On the basis of the preceding 
discussion, a hypothetical intermediate similar to 
(XIII) would be anticipated. 

No analogous fission of a dibenzenoid product 
appears to have been investigated, but a ring 
cleavage closely parallel to that involved in proto- 
catechuic acid metabolism is strongly indicated on 


structural grounds for ellagic acid, C,,H,O, (XV), 
and chebulic acid, C,,H,,.0O,, (XVI) (Schmidt & 
Mayer, 1951). This could further undergo a 
cyclical condensation accompanied by decarboxy]- 
ation and dehydrogenation to yield brevifolin- 
carboxylic acid, C,,H,O, (XVII) (Haworth & 
Grimshaw, 1955; Schmidt, 1956; Schmidt & 
Eckert, 1956) as shown in Fig. 6. 

It is possible that the formation of the cyclo- 
pentenone ring of brevifolincarboxylic acid in this 
way is analogous to the biosynthesis of the cyclo- 
pentadiol derivative caldariomycin from f-oxo- 
adipic acid (Shaw, Beckwith & Hager, 1959) since 
this precursor is a known metabolite of catechol. 

The oxidative cleavage of ring A of alternariol, 
either in the suggested manner or at some other 
point, is therefore a possible source of the altenuic 
acids, the interconvertibility of which could be 
explained on the basis of the alternative possible 
modes of lactonization of the resulting hydroxyl 
and carboxyl groups. Thus all three altenuic acids 
titrated as dibasic acids, and it has been shown that 
altenuic acid I dimethyl ether, C,,H,,0,, which 
contains three methoxyl groups and is insoluble in 
cold aqueous alkali, dissolves on heating with the 
production of three equivalents of acid. 

If enzyme systems capable of cleaving aromatic 
rings (cf. Bassett & Tanenbaum, 1960) are relatively 
widespread among plants and micro-organisms, 
then it would seem reasonable to anticipate that a 
number of those organisms known to produce 
phenolic metabolites may also yield significant 
amounts of their ring-fission products. 





0-CH, 
H OH a 
CO,H CO,H a 90 site 
HO CH, HOS CH, C0,H_~C— CH, 
“ OH —_ 
(XII) (XIII) (XIV) 


Fig. 5. Conversion of orsellinic acid into penicillic acid. 
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Fig. 6. Possible interrelation of ellagic, chebulic and brevifolincarboxylic acid. 
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All melting points are uncorrected. 

Spectroscopic determinations. Infrared measurements 
with Nujol mulls were carried out in a Perkin-Elmer 
Double Beam Spectrophotometer with an NaCl prism, and 
were obtained through the courtesy of the Division of 
Applied Microbiology, National Research Council, Ottawa. 
Subsequent measurements on chloroform solutions of 
alternariol and alternariol monomethy! ether made with a 
Perkin-Elmer Infracord Spectrophotometer were neces- 
sarily less accurate. 

Ultraviolet-absorption spectra (Table 3) were measured 
in ethanol solution. The determinations were carried out on 
a Cary recording spectrophotometer. 

Alternariol monomethyl ether. Alternariol methyl ether 
was prepared as described by Raistrick e¢ al. (1953) and 
purified by recrystallization from ethanol. The resulting 
colourless needles, m.p. 267-268°, proved to be free from 
alternariol on paper chromatographic examination under 
ultraviolet light, when only a single fluorescent component 
was discernible. The system used consisted of Whatman 
no. 1 paper impregnated with 0-5m-sodium borate buffer, 
pH 9-2, with a 1:4 mixture of the same buffer and propan- 
l-ol as solvent (personal communication from Dr C. E. 
Stickings). 

Preparation of labelled alternariol trimethyl ether. Alter- 
nariol monomethy] ether (0-500 g.) in dry acetone (25 ml.) 
was refluxed with freshly distilled methyl iodide (0-20 ml.) 
containing 500 of “CH,I (purchased from The Radio- 
chemical Centre, Amersham, Bucks.) in the presence of 
excess of anhydrous K,CO, (5-0 g.) for 6 hr. At this stage 
dry pure dimethyl sulphate (2-0 ml.) in acetone (25 ml.) was 
added to the mixture, and refluxing was continued for a 
further 16 hr. 

After this time the solution gave a negative ferric re- 
action, showing methylation to be complete. The mixture 
was filtered and concentrated to yield alternariol trimethyl 
ether, C,,H,,0, (0-52 g.), m.p. 161° after recrystallization 
from acetone. On assaying for “C at infinite thickness (cf. 
Chaplen & Thomas, 1960), the product was observed to 
have an activity of 46-2 uc/g., corresponding to the in- 
corporation of 48% of the added 14CH,I into the alternariol 
trimethyl ether. 

Potassium permanganate oxidation of alternariol trimethyl 
ether. The labelled alternariol trimethyl ether was diluted 
approximately 20-fold with inactive product by dissolving 
the mixture in hot acetone. The crystals obtained on 
cooling were then assayed for “C (Found: activity, 
2-55 po/g. = 765 wc/mole). 

Diluted trimethyl ether (3°85 g.) was hydrolysed by 
refluxing with n-NaOH (65 ml.) for 15 min. The resulting 
solution was cooled and treated with excess of aqueous 
KMn0O, (26 g. in 260 ml.) and kept at room temperature 
overnight. After the MnO, precipitate which had formed 
had been filtered off, the filtrate was adjusted to pH 7 with 
conc. HCl and the excess of KMn0O, reduced with sodium 
dithionite. The solution was then acidified to pH 2, before 
extraction with ether (4x1 vol.). Evaporation of the 
ether and crystallization of the residue from water yielded 
characteristic very pale-yellow rectangular plates of 3:5- 
dimethoxyphthalic acid (0-50 g.). 

The 4:6-dimethoxyphthalonic acid remaining in the 
extraction mother liquor was not recovered. 
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3:5-Dimethoxyphthalic anhydride. The recrystallized 3:5- 
dimethoxyphthalic acid was melted in a sublimation tube 
and maintained at 190° for 5min., by which time the 
evolution of water was complete. The liquid was then 
allowed to cool, when it immediately crystallized, yielding 
colourless needles of 3:5-dimethoxyphthalic anhydride. 
This was purified by sublimation in a high vacuum, 
yielding a product, m.p. 148-149°, which was assayed for 
4C (Found: activity, 156 wc/mole, equivalent to 20-4% of 
the activity of the starting product, C,,H,,0,). 

Synthesis of alternariol monomethyl ether. Alternariol 
(0-516 g., 2 m-moles), free from methyl ether, Was gently 
refluxed with freshly distilled dimethyl sulphate (0-10 ml., 
approx. 1 m-mole) in dry acetone (20 ml.) in the presence of 
a slight excess of anhydrous K,CO, (0-150 g.). After 6 hr., 
the mixture was treated with sufficient diluted HCl to 
decompose the residual K,CO, and precipitate the methy]- 
ation product, which was then collected by filtration, yield 
0-502 g. 

Whereas alternariol does not normally crystallize from 
ethanol, this methylation product readily did so, forming 
colourless needles, melting at the same temperature as the 
naturally occurring alternariol monomethyl ether, m.p. 
267° (decomp.), and not depressed on admixture with it. 
Further, both the synthetic and natural methyl ethers 
were insoluble in cold saturated Na,CO, solution, whereas 
alternariol, m.p. 345-350° (decomp.), rapidly dissolves 
forming a greenish-yellow solution. 

Alkaline hydrolysis of altenuic acid I dimethyl ether. 
Altenuic acid I dimethyl ether was prepared from altenuic 
acid I by reaction with excess of diazomethane (Rosett e¢ al. 
1957). The ethanol-crystallized product, C,,H,,0,, m.p. 
177-178° (0-602 g.), was gently refluxed with 0-5n-NaOH 
in an atmosphere of O,- and CO,-free N,. After 30 min. the 
solution was cooled and neutralized to phenolphthalein 
with n-HCl (Found: equiv. by titration, 118. C,,H,,0, 
requires equiv. titrating as a tribasic acid, 117). The pale- 
yellow neutral solution on addition of aqueous FeCl, 
yielded only a slight yellow-brown precipitate and gave a 
negative reaction to Brady’s reagent. On acidification and 
ether extraction (4x1 vol.) a colourless acidic gum was 
produced in 90% yield, which failed to crystallize. 

Potassium permanganate oxidation of altenuic acid I 
dimethyl ether. Altenuic acid I dimethyl ether (0-40 g.) was 
dissolved in boiling 0-5n-NaOH (32 ml.) and after addition 
of KMnO, (2g. in 40 ml. of water) the mixture was re- 
fluxed for 30 min. The resulting MnO, was separated by 
filtration, and the filtrate acidified with 2n-H,SO, (20 ml.) 
and then extracted with ether, initially by shaking (4 x lvol.) 
and subsequently in a continuous-extraction apparatus. 

The continuous extract on evaporation yielded a colour- 
less crystalline solid (0-098 g.) which crystallized from water 
in needles (0-060 g.), m.p. 172°; above this temperature the 
melt darkened to a deep-red colour and partially reset at 
230-240°. This melting behaviour corresponded exactly to 
that of 4:6-dimethoxyphthalonic acid, m.p. 173-174° 
(decomp.), and on admixture the m.p. was not depressed. 
Further, both substances dissolved in cold cone. H,SO, 
giving a pale-yellow solution, which on heating changed to 
an intense wine-red colour. 

The initial ether extract obtained by shaking yielded a 
partly crystalline gum (0-069 g.), which on crystallization 
from water gave rise to a further quantity of the same 
oxidation product. 
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On carrying out the above oxidation at room tempera- 
ture for 24 hr., approx. 0-50 g. of starting product yielded 
(from the initial ether extract) an unknown acid (0-15 g.), 
which, after washing with ether, crystallized from water in 
colourless needles, m.p. 142-144° (decomp.). From the 
ether washings, pale-yellow prisms (9 mg.), m.p. 175°, were 
obtained, which were identified as 3:5-dimethoxyphthalic 
acid by comparison of colour reactions (Raistrick et al. 
1953) and also by methylation of a sample (6 mg.) with 
diazomethane. Sublimation of the resulting ester in a high 
vacuum produced colourless needles (4-5 mg.), m.p. 93°, 
undepressed on admixture with authentic dimethyl 3:5- 
dimethoxyphthalate. 

The major product of the room temperature oxidation 
was obtained on evaporation of the continuous ether 
extract, which yielded a colourless crystalline residue 
(0-37 g.) which crystallized from water in needles, m.p. 
180-185° (decomp.). On admixture with 4:6-dimethoxy- 
phthalonic acid, m.p. 174°, the m.p. was depressed. 


SUMMARY 


1. Alternariol monomethyl ether, C,;H,.0;, a 
metabolite of Alternaria tenuis Auct., has beenshown 
to be 3:4’-dihydroxy-5-methoxy-6’-methyldibenzo- 
a-pyrone (IIT). 

2. The position of the methoxy] group was estab- 
lished (a) by comparison of the infrared carbonyl 
frequencies of alternariol and alternariol mono- 
methy] ether with the fully methylated product, and 
(b) by sequential methylation of alternariol mono- 
methyl ether with [14C]methyl iodide and dimethyl 
sulphate, followed by oxidative degradation of the 
resulting labelled trimethyl ether. 

3. A tentative biosynthetic interrelationship 
between alternariol monomethyl ether and the 
other phenolic constituents of A. tenuis is proposed 
on the basis of their known properties. 

Isotopic assaying equipment was generously loaned by 
Imperial Chemical Industries Ltd., who also provided a 
grant for the purchase of [!4C]methy] iodide. This investiga- 
tion was carried out during the tenure of a Wellcome 
Research Fellowship, the award of which is gratefully 
acknowledged. The author wishes to thank Professor J. H. 
Birkinshaw for his interest in this work. 
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Estimation of Succinic Acid in Biological Materials 


By KATHLEEN RODGERS 
M.R.C. Cell Metabolism Research Unit, Department of Biochemistry, University of Oxford 


(Received 9 December 1960) 


The method described in this paper determines 
between 0:02 and 0-20 umole of succinate in bio- 
logical material. It is based on the reduction of 
2:6-dichlorophenol-indophenol by succinate in the 
presence of succinic dehydrogenase (Green, Mii & 


Kohout, 1955) and the measurement of the ex- 
tinction change of the dye at 600 my in a spectro- 
photometer. 

It has the advantage over similar methods that 
the enzyme is more easily prepared than that used 
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by Massey (1959); that the sensitivity is greater 
than for the methods of Bril (1954) and Bach & 
Hibbitt (1959); and that the reaction is carried out 
in an atmosphere of air instead of argon (Waitzman 
& Adams, 1958). 

Succinic acid is first extracted from the sample 
with ether (Krebs, 1937). Phosphate buffer is 
added to the ether extract, the ether distilled off, 
and the aqueous solution is incubated with semi- 
carbazide to prevent interference by «-oxoglu- 
tarate, which reduces the dye under the assay 
conditions, and by oxalacetate, which inhibits the 
enzyme. 


EXPERIMENTAL 


Reagents. Standard succinic acid solution, 0-1 mm: A.R. 
succinic acid is dissolved in 0-06mM-KH,PO,-Na,HPO, 
buffer, pH 7-0. Perchloric acid (A.R.) is 3% (w/v). Diethyl 
ether: A.R. ether is shaken twice with acidified saturated 
FeSO, solution and redistilled immediately before use. 
Potassium phosphate-sodium phosphate buffer: 0-06m, 
pH 7-0, and 0-01m, pH 7-4, are made up with KH,PO, 
(A.R.) and Na,HPO, (A.R.). Semicarbazide solution, 
50 mm: 557-5 mg. of semicarbazide hydrochloride (A.R.) is 
dissolved in 50 ml. of 0-06m-phosphate buffer, pH 6-0, 
readjusted to pH 6-0 with n-NaOH, and diluted with 
buffer to 100 ml. Cyanide reagent: 2:72 g. of KH,PO, 
(A.R.), 1 g. of crystalline bovine plasma albumin (Armour 
and Co. Ltd.) and 60 mg. of ethylenediaminetetra-acetate 
are dissolved in 900 ml. of water, and the pH is adjusted to 
7-0 with KOH; 780 mg. of KCN is added and the mixture 
diluted to 1 1. This reagent can be kept for at least 8 months 
if it is stored at 3°. 2:6-Dichlorophenol-indophenol (British 
Drug Houses Ltd.; oxidation-reduction indicator): stock 
solution (0-15%) is diluted 1:10 with 0-06m-phosphate 
buffer, pH 7-0, immediately before use. 

Preparation of the cnzyme. Pigeon breast muscle (50- 
100g.) is minced in a Latapie mincer (Etablissement 
Jouan, Paris) and washed four times with 10 vol. of ice- 
cold 0-01m-phosphate buffer, pH 7-4. The suspension is 
filtered through muslin under reduced pressure after each 
washing. The washed tissue can be stored for several weeks 
at -15°. For use the preparation is resuspended in 10 vol. 
of 0-06m-phosphate buffer, pH 7-0, and homogenized for 
2min. in a Waring Blendor. The homogenate remains 
active for at least 5 days when kept at 5°. It contains 
approximately 1 mg. of N/ml. 

Preparation of samples for analysis. In the earlier ex- 
periments samples were deproteinized with tungstic acid 
before extraction with ether. As phosphotungstate in- 
hibits succinic dehydrogenase (Krebs & Eggleston, 1948), 
HClO, has been adopted for deproteinization in the later 
experiments. The sample is ground with acid-washed sand 
and 12 ml. of 3% HClO, in a mortar. The suspension is 
filtered through Whatman no. 30 filter paper. Portions of 
the filtrate (up to 10 ml.) are extracted with ether in 
Kutscher-Steudel type extractors (see Umbreit, Burris & 
Stauffer, 1959). The efficiency of each extractor must be 
determined by estimating the recovery of known amounts 
of succinate. An extraction time of 2 hr. has been found 
necessary with extractors made to hold 30 ml. up to the 
side arm. Phosphate buffer (2-0 ml.), 0-06m, pH 7-0, is 
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added to the ether extract and the ether removed by 
distillation. Since a small amount of HClO, is extracted 
into the ether, this must be neutralized with n-KOH, by 
using phenol red asindicator. The extract is transferred with 
a Pasteur pipette to a graduated stoppered Pyrex tube, 
and made up to 5-0 ml. with phosphaté buffer, 0-06, 
pH 7-0. It is then kept at 5° for 1 hr. when the KCIO, 
separates out; the amount of perchlorate precipitated is so 
small that the volume measurement is not seriously 
affected. The supernatant is transferred to another 
stoppered tube. Interference in the succinate estimation 
by «-oxoglutarate and oxaloacetate is preventegl by a pre- 
liminary incubation with semicarbazide. The pH of the 
sample is adjusted to about 6-0 with 0-1 ml. of n-HCl, and 
0-2 ml. of 50 mm-semicarbazide in phosphate buffer, pH 6-0, 
is added. The mixture is incubated at 37° for 2hbr. or 
overnight at 18°. The pH is then adjusted to about 7-0 with 
0-1 ml. of n-NaOH. 

Spectrophotometric estimation of succinic acid. The re- 
action between the succinic acid and 2:6-dichlorophenol- 
indophenol is usually completed within 20 min. and it is 
therefore convenient to carry out the estimations in 
batches of 20 samples. Each batch includes a blank con- 
taining no added succinate and three standards containing 
0-02, 0-10 and 0-20 umole of succinic acid. Each sample 
(total volume not exceeding 1-5 ml.) is mixed with 1 ml. of 
cyanide reaction mixture, 1-0 ml. of 0-015 % 2:6-dichloro- 
phenol-indophenol solution, and 0-06m-phosphate buffer, 
pH 7:0, to give a total volume of 4-0 ml. in a stoppered 
10 ml. Pyrex tube. Enzyme (2 ml.) is added to the tubes at 
1 min. intervals and the tubes are shaken. 

After 20 min. some of the mixture from the first tube is 
transferred to a 1 cm. cuvette and the extinction measured 
at 600 mp in a Unicam SP. 600 spectrophotometer or 
similar instrument against a mixture containing 1-0 ml. of 
cyanide reagent, 3-0 ml. of 0-06m-phosphate buffer, pH 7-0, 
and 2-0 ml. of enzyme. The remaining tubes are treated in 
the same way at 1 min. intervals. The extinction measure- 
ments are repeated at 20 min. intervals until the blank and 
the samples are reducing the dye at the same rate, when the 
reaction is considered complete. 

The extinction of each sample on completion of the 
reaction is corrected for the extinction value of the blank, 
and the change in extinction due to the sample used to 
calculate the amount of succinate present from a calibra- 
tion curve prepared as follows. Standard succinic acid 
solutions (0-1, 1-0 and 2-0 ml.) are mixed with cyanide 
reagent (1-0 ml.), 2:6-dichlorophenol-indophenol (1-0 ml.) 
and 0-06m-phosphate buffer, pH 7-0, and the spectrophoto- 
metric analysis is carried out as described above. The plot 
of Ey om, on completion of the reaction after subtraction 
from the blank value, against the amount of succinate 
added to each tube, is linear. 

Enzyme preparations that take longer than 20 min. to 
complete the oxidation of 0-1 »mole of succinic acid should 
be discarded. The mixture of cyanide reagent (1-0 ml.), 
0-06m-phosphate buffer, pH 7-0, (3-0 ml.) and enzyme 
(2-0 ml.) has an extinction of approximately 1-4 measured 
against water; during the spectrophotometricestimation, the 
Unicam SP. 600 instrument is operated with the slit 
approximately half open. 

The estimation can also be carried out with a Cary 
recording spectrophotometer, when the standard error for 
the range 0-02-0-2 zmole of succinic acid is +0-004 umole 
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(12 estimations). The total volume per cuvette is 3-0 ml. 
(0-5 ml. of cyanide reagent, 0-2 ml. of 0-075 % 2:6-dichloro- 
phenol-indophenol, sample up to 0-75 ml., 1-0ml. of 
enzyme preparation, and 0-06m-phosphate buffer, pH 7-0). 
A blank cuvette for each sample contains all the above 
reagents with the exception of succinate. 


RESULTS AND DISCUSSION 


Recovery of succinate. A typical calibration 
curve showing the relation between the amount of 
succinate added in the spectrophotometric assay 
and the resulting change in extinction (AE, ,,,) at 
the end of the reaction is shown in Fig. 1. Although 
the curve is always linear, the slope varies from one 
enzyme preparation to another, and from day to 
day for the same enzyme preparation. The mean 
value of AE, ,,, after the addition of 0-1 umole of 
succinate is 0-22+s.p. 0-04 (14 estimations). Be- 
cause of this variation a calibration curve must 
be prepared for each batch of samples analysed. 
The amount of dye reduced by the enzyme in the 
absence of added succinate (blank reduction) in- 
creases with the age of the enzyme, and the change 
in extinction in the presence of 0-lymole of 
succinate is least when the blank reduction is 
greatest. With a freshly prepared enzyme that has 
a low blank reduction, AH, ,,, for 0-lyumole of 
succinate is about 0-29; the theoretical value of 
AE, om, is approximately 0-33. These results would 
be expected if the blank reduction is partially 
suppressed by the addition of succinate. 

The samples containing added succinate con- 
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Fig. 1. A calibration curve for the spectrophotometric 
estimation of succinic acid. Amounts of succinic acid 
between 0-02 and 0-2 umole were added to phosphate buffer, 
2:6-dichlorophenol-indophenol and cyanide reagent, as 
described in the text, and the difference in Z, ,.,. between 
the sample and the blank was measured at 600 mp on 
completion of the reaction. 


tinue to reduce the dye at the same rate as the 
blank for periods between 20 and 40 min. after the 
completion of the reaction. After this time the 
dye is reoxidized, the reoxidation being most rapid 
in the samples containing the greatest amount of 
reduced dye. The calibration curve remains linear, 
although there is a decrease in the slope. The rate of 
reoxidation of the dye is much slower than that 
reported by Waitzman & Adams (1958). 


Estimation of succinate in the presence 
of other compounds 


Glucose, glucose 6-phosphate, glycerol 1-phos- 
phate and most amino acids are insoluble in ether 
and therefore do not interfere. 

Effect of ether-soluble metabolites. These com- 
pounds may cause interference in the spectrophoto- 
metric estimation by reacting enzymically or 
chemically with 2:6-dichlorophenol-indophenol, or 
by inhibiting succinic dehydrogenase. Washed 
pigeon breast muscle contains many dehydro- 
genases, but as most of its coenzymes are removed 
by the washing procedure, and as coenzymes in the 
sample to be analysed are not extracted by ether, 
the presence of the dehydrogenases is not im- 
portant. To test the specificity of the method, or 
possible interference, 10 moles of various com- 
pounds were added to the dye and succinic de- 
hydrogenase preparation, alone, and in the presence 
of succinate (0-1 umole). 

Acetate, acetoacetate, B-hydroxybutyrate, L- 
glutamate, lactate, pyruvate, citrate, isocitrate and 
fumarate caused no reduction of the dye nor inter- 
fered with the recovery of added succinate. When 
fumarate was added to succinate, the reaction time 
was increased although the amount of dye reduced 
was not altered. L-Malate decreased the recovery of 
added succinate when present in amounts greater 
than 0-2 pmole, but was not itself oxidized. 

«-Oxoglutarate (prepared in this Department by 
Mr T. Gascoyne) reduced the dye in the presence of 





Table 1. Effect of malonate on the spectrophotometric 
estimation of succinic acid and a«-oxoglutaric acid 


The amount of 2:6-dichlorophenol-indophenol reduced by 
portions (0-05-0-10 ml.) of 0-9 mm-x-oxoglutaric acid and 
1 mm-succinic acid was determined spectrophotometrically 
as described in the text, in the presence or absence of 
malonate (3-4mm). Results are expressed in terms of 


pmole of ‘succinic acid’. ; agit el 
Succinic acid 


(umole) 
«-Oxoglutarate (0-09 umole) 0-180 
a-Oxoglutarate (0-09 pmole) + malonate 0-089 
Succinate (0-1 zmole) + malonate 0-000 
a-Oxoglutarate (0-045 wmole) + succinate 0-147 
(0-05 pmole) 
«-Oxoglutarate (0-045 nmole) + succinate 0-046 


(0-05 pmole) + malonate 
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the enzyme preparation, the amount of dye re- 
duced being twice that of an equimolar amount of 
succinate. Malonate (3:3mm) decreased the 
amount of dye reduced by «-oxoglutarate to half 
its original value (Table 1). Since this malonate 
concentration inhibits succinic dehydrogenase 
completely, but has no effect on «-oxoglutarate 
oxidase (Stumpf, Zarudnaya & Green, 1947), 
«-oxoglutarate must have been converted first into 
succinate and then into fumarate. Reduction of 
the dye by succinate and «-oxoglutarate was 
additive. The amounts of these acids in a mixture 
of the two can be determined by measuring AF, on. 
in the presence or absence of 3-3 mm-malonate 
(see Table 1). 

Ascorbic acid reduces the dye, but its solubility 
in ether is so slight that amounts up to 1 mg. do not 
interfere. When the sample contains a large 
amount of ascorbic acid, the amount of succinic 
acid present is determined by measuring the 
difference between the amounts of dye reduced in 
the presence or absence of 3-3 mm-malonate. 

Oxaloacetate is a very active inhibitor of 
succinic dehydrogenase, and preliminary incuba- 
tion with semicarbazide is necessary to prevent 
interference. 

Effect of semicarbazide. Semicarbazide reduces 
the dye very slowly in the absence of enzyme. The 
error in the spectrophotometric estimation of 
0-1 umole of succinic acid is negligible if the concen- 
tration of semicarbazide does not exceed 0-6 mm, 
i.e. under the conditions described above. If the 
molar ratio of keto acids to succinic acid in the 
biological material is expected to exceed 16:1, the 
amount of somivarbazide added to the ether 
extract should be increased to a molarity at least 
twice that of the total keto acids present; this 
ensures the complete absence of free keto acid 
after incubation for 2 hr. at 37°. In this case it is 
necessary to add a quantity of semicarbazide, 
equal to that in the unknown samples, to the 
standard succinate solutions used in preparing the 
calibration curve for the estimation. The concen- 
tration of semicarbazide may be increased to 
8 mm without interference in the action of succinic 
dehydrogenase; this permits the estimation of 
0-lymole of succinic acid in the presence of 
24 pmoles of keto acids. 


Application of the method to biological materials 


In order to test the method on a bacterial 
sample, succinate (0, 0-5 and 1-0 umole) was added 
to portions (4ml.) of a washed suspension of 
Rhodopseudomonas spheroides N.C.1.B. no. 8254 
grown aerobically in the dark (Lascelles, 1959) and 
containing 21 mg. dry wt./ml. The samples were 
diluted to 10 ml. with water, heated for 20 min. at 
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100° and centrifuged, and the residue was washed 
with water and recentrifuged. The supernatants 
were combined, concentrated to about 5ml., 
mixed with 1:0 ml. of 18N-sulphuric acid and 
1-0 ml. of 1% (w/v) sodium tungstate solution, and 
extracted with ether. The recoveries of the added 
succinate were found to be 92 and 101% respec- 
tively. The aqueous solutions which contained the 
extracted succinate did not reduce 2:6-dichloro- 
phenol-indophenol in the absence of succinic de- 
hydrogenase. , 

The concentration of succinate in a suspension of 
R. spheroides was 10-5 um-moles/mg. dry wt. This 
result was not affected by an eightfold variation in 
the amount of biological material. 

The amount of succinate (umoles/g. wet wt.) 
found in tissues from a freshly killed normally fed 
rat were: liver, 0-94; lung, 0-15; heart, 0-48; kidney 
cortex, 1-10; brain, 0-21; testis, 0-57. The liver of 
a second rat contained 0-99 umole of succinate/g. 
wet wt. Other published values for succinate in rat 
liver are 1-2 umoles/g. wet wt. (see Busch & Potter, 
1952), and 0-2 pmole/g. wet wt. (Frohman & Orten, 
1953). 

The aqueous solutions containing succinate ex- 
tracted from liver did not reduce 2:6-dichloro- 
phenol-indophenol, and 3-3mm-malonate com- 
pletely inhibited dye reduction in the assay. This 
confirmed that the reduction of the dye was due 
solely to succinate. 


SUMMARY 


1. A spectrophotometric method for the estima- 
tion of from 0-02 to 0-20umole of succinate is 
described. It is based on the reduction of 2:6- 
dichlorophenol-indophenol by succinate in the 
presence of succinic dehydrogenase. 

2. Both succinate and «-oxoglutarate reduce the 
dye enzymically under the assay conditions where- 
as pyruvate does not. Interference by «-oxo- 
glutarate may be prevented by a preliminary 
incubation with semicarbazide. 

3. The advantages of the method are its sensi- 
tivity and the ease of preparation of the succinic 
dehydrogenase. 

4. Application of the method to biological 
material showed that rat tissues contained between 
0-15 and 1-10 pumoles of succinic acid/g. wet wt. 
Washed cells of Rhodopseudomonas spheroides 
contained 10-5 um-moles/mg. dry wt. 


The author wishes to thank Professor Sir Hans Krebs, 
F.R.S., and Dr D. E. Hughes for their advice and interest 
in the work, Dr J. Lascelles for providing the suspensions of 
R. spheroides, and Mr T. Gascoyne for assistance with the 
estimations on rat tissues. The work was aided by grants 
from the Rockefeller Foundation, and from the U.S. Public 
Health Department. 
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ADDENDUM 


The Intracellular Concentration of Succinic Acid in Photosynthetic Bacteria 


By JUNE LASCELLES* ann KATHLEEN RODGERS 
Microbiology Unit and Medical Research Council Unit for Cell Metabolism, Department of Biochemistry, 
University of Oxford 


(Received 9 December 1960) 


The method of Rodgers (1961) for the estimation 
of succinic acid has been applied to photosynthetic 
bacteria of the family Athiorhodaceae. These 
organisms can grow either aerobically in the dark or 
anaerobically in the light, but it is only under the 
latter conditions that they form the photosynthetic 
pigments bacteriochlorophyll and carotenoids (van 
Niel, 1944; Cohen-Bazire, Sistrom & Stanier, 1957; 
Lascelles, 1959). Succinyl-coenzyme A is a key 
intermediate in the formation of bacteriochloro- 
phyll and it was thought that the ability to form 
this pigment might be correlated with the concen- 
tration of intracellular succinate, but the analyses 
provided little evidence for this. 


MATERIALS AND METHODS 


The strains of Athiorhodaceae and their maintenance 
have been described by Kornberg & Lascelles (1960). 

Growth and harvesting of cultures. The media and condi- 
tions for aerobic and photosynthetic growth were as 
described previously (Lascelles, 1959; Kornberg & Lascelles, 
1960). 

Organisms were harvested at the end of the logarithmic 
phase of growth unless stated otherwise. To minimize 
possible changes occurring in the intracellular concentra- 
tions of succinate during harvesting, the cultures were 
chilled rapidly by plunging the vessels into a mixture of 
alcohol and solid carbon dioxide and then centrifuged at 0°. 
The organisms were washed with ice-cold 0-02M-potassium 
phosphate buffer, pH 7-0, equivalent to one-half of the 
original culture volume. Analysis of concentrated washings 
showed little or no succinate to be extracted by this pro- 
cedure. The washed organisms were finally suspended in 
water at 0° to a cell concentration of 25-50 mg. dry wt./ml. 
Portions of the suspension containing 100-250 mg. dry wt. 


* External Scientific Staff, Medical Research Council, at 
the time of this work. 


of cells were extracted, and the succinic acid content was 
estimated as described above. Since paper chromato- 
graphy by the method of Elliott (1954) showed that only 
traces of «-oxoglutarate were present, incubation with 
semicarbazide was omitted. 


RESULTS 
Succinate concentration in organisms 
grown in the dark or light 


The intracellular concentration of succinate was 
slightly higher in light-brown cultures of Rhodo- 
pseudomonas spheroides on malate plus glutamate 
than in those grown aerobically in the dark on the 
same medium (Table 1). This difference is statistic- 
ally significant (¢ test: P = 0-02-0-01). The con- 
centration of succinate was similar in organisms 
grown on butyrate plus bicarbonate as carbon 
source (Table 1). No significant variation was 
found in cultures harvested at various stages of the 
growth cycle under aerobic—dark or anaerobic— 
light conditions. 

Succinate concentrations were determined in 
butyrate-grown cells of Rhodopseudomonas palustris 
and Rhodopseudomonas capsulatus and were of the 
same order as that found in R. spheroides. 

As a check that the material assayed was 
succinate and not «-oxoglutarate [shown by 
Rodgers (1961) to interfere with the method], 
extracts prepared from organisms grown aerobic- 
ally and photosynthetically on malate plus glu- 
tamate were assayed in the presence or absence of 
malonate. This compound inhibited activity of the 
extracts by 90% or more showing that the active 
material was largely succinate (Rodgers, 1961). 
This was confirmed by paper chromatography of 
the extracts by the method of Elliott (1954). 
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Table 1. Succinate concentrations in cultures of Rhodopseudomonas 


Organisms were harvested at the end of the logarithmic phase of growth and extracted as described in the 


Materials and Methods section. 


Organism Growth medium 


R. spheroides Malate—glutamate 


Aerobic, dark, 14-18 hr. 


Succinate . 
(um-moles/ No. of 
Incubation conditions mg. dry wt.) experiments 


6-4 5 
(Range 5-2-8-0) 
8-2 


Anaerobic, light, 14-18 hr. 2 8 
(Range 7-0-10-5) 

Butyrate—bicarbonate Aerobic, dark, 24 hr. 5-8 oe 

Anaerobic, light, 24 hr. 6-5 1 

R. palustris Butyrate—bicarbonate Aerobic, dark, 46 hr. 3-2 1 
Anaerobic, light, 38 hr. 4:3 1 

R. capsulatus Butyrate—bicarbonate Aerobic, dark, 48 hr. 3-4 1 
Anaerobic, light, 24 hr. 3-4 1 





DISCUSSION 


It is not known if the extraction procedure in- 
volving heating at 100° in water liberates all the 
intracellular succinate. Thesame treatment has been 
shown to be effective in releasing the free amino 
acids from various bacteria (Gale, 1947; Hancock, 
1958). Succinyl-coenzyme A, which hydrolyses 
spontaneously at pH7 at room temperature 
(Simon & Shemin, 1953), would, if present, pre- 
sumably contribute to the succinate estimated by 
the procedure used. 

The amounts of succinate in the Athiorhodaceae 
are similar to those isolated from other bacteria by 
chromatography of ethereal extracts on Celite 
columns. Suspensions of Micrococcus lysodeikticus 
oxidizing acetate contained 5ym-moles/mg. dry 
wt. (Saz & Krampitz, 1955), whereas in Escherichia 
coli under the same conditions 1-7 wzm-moles/mg. 
wet wt. were found (Swim & Krampitz, 1954). 
Using similar techniques Ladd & Nossal (1954) 
found the intracellular concentration in baker’s 
yeast to vary between 1-4 and 34ym-moles/mg. 
wet wt. in different samples. 

The results do not show any striking correlation 
of the intracellular concentration of succinic acid 
with the conditions necessary for the formation of 
photosynthetic pigments. The initial reaction in 
bacteriochlorophyll synthesis is a condensation of 
succinyl-coenzyme A and glycine to give $-amino- 
laevulic acid and the enzyme system responsible 
for this reaction is considerably more active in pig- 
mented than in unpigmented organisms (Lascelles, 
1959, 1960). It is therefore possible that succinyl- 
coenzyme A is diverted rapidly towards bacterio- 


chlorophyll synthesis under the appropriate condi- 
tions, and this might account for the inability to 
detect considerable increases in the intracellular 
concentration of succinate. 


SUMMARY 


1. The intracellular concentration of succinate 
has been estimated in Rhodopseudomonas spheroides, 
Rhodopseudomonas palustris and Rhodopseudomonas 
capsulatus grown anaerobically in the light or 
aerobically in the dark. 

2. On a malate-glutamate medium the concen- 
tration of succinate in R. spheroides grown anaero- 
bically in the light is slightly though significantly 
higher than in aerobically grown organisms (8-2 
and 6-4 um-moles/mg. dry wt. respectively). 
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Structure of the Intracellular Glycerol Teichoic Acid from 
Lactobacillus casei A.T.C.C. 7469 


By MARIANNE V. KELEMEN anp J. BADDILEY 
Department of Chemistry, King’s College, University of Durham, Newcastle wpon Tyne, 1 


(Received 9 December 1960) 


The glycerol teichoic acids were first detected as 
impurities in preparations of ribitol teichoic acids 
obtained from whole defatted bacteria (Armstrong, 
Baddiley, Buchanan, Carss & Greenberg, 1958). 
Later investigations showed that the walls of a 
number of Gram-positive organisms contain either 
a ribitol or a glycerol teichoic acid (Armstrong et al. 
1959). It is now known that the glycerol teichoic 
acids are also present in the cell contents of many 
bacteria and, in fact, have been found in all Lacto- 
bacilli examined in this Laboratory (Baddiley & 
Davison, 1961). Although the precise location and 
function of these compounds are not yet known, 
their widespread occurrence suggests that they may 
play an important part in bacterial metabolism. 

Before studying the metabolism of glycerol 
teichoic acids it was desirable to establish their 
structure. In the present work the structure of 
glycerol teichoic acid obtained by extraction of 
Lactobacillus casei A.T.C.C. 7469 with cold tri- 
chloroacetic acid has been investigated. No 
teichoic acid was detected in the walls of this 
organism, and it appears that it is only present in 
the cell contents. However, for convenience most 
experiments have been carried out on material 
extracted from whole defatted cells. Results have 
been confirmed on preparations obtained from the 
cell contents. 


MATERIALS AND METHODS 


Growth and preparation of organism. Lactohacillus casei 
A.T.C.C. 7469, obtained from Dr E. F. Gale, was grown in a 
medium containing Oxoid Tryptone (20 g.), Oxoid yeast 
extract (10g.), glucose (20g.), sodium acetate (10g.), 
KH,PO, (4:5g.), NaOH (1-0g.) and inorganic salts B 
(5-0 ml.) (Barton-Wright, 1946) in water (1 1.). The glucose, 
yeast extract and KH,PO, were autoclaved separately. 

Batches (15 1.) were incubated at 37° for 17 hr., during 
which time the pH dropped from 6-7 to 4-0. The bacteria 
were collected in a Sharples centrifuge. From 1 1. of culture 
9 g. of wet cells were obtained. Cells (30 g.) were washed by 
suspending in 0-9% NaCl (100 ml.) and centrifuging for 
1 hr. at 2000 g in a refrigerated centrifuge. Fats and water 
were removed from the washed cells (30 g.) by suspending 
in acetone (100 ml.) previously cooled to — 20°, and homo- 
genizing in a blender for 1 min. The suspension was centri- 
fuged for 5 min. at 2000 g. The supernatant was discarded 
and the precipitate was resuspended as before in ethanol 


previously cooled to — 20°. After centrifuging, the precipi- 
tate was suspended in ether which had been cooled to — 20°. 
The suspension was centrifuged, the supernatant discarded, 
and the precipitate was dried over P,O; at room tempera- 
ture in vacuo for 18 hr. From 9 g. of wet cells 2 g. of dry 
defatted cells were obtained. The dry cells contained 25-5 yg. 
of phosphorus/mg. 

Acid hydrolysis was carried out on 5 mg. of dry cells. The 
hydrolysate was chromatographed in solvent A (see below). 
Glycerol and its mono- and di-phosphate were detected in 
the hydrolysate. These products indicate the presence of 
glycerol teichoic acid. 

Preparation of teichoic acid from whole cells. Dry defatted 
cells (20 g.) were blended for 1 min. with chilled 10% tri- 
chloroacetic acid (100 ml.). The resulting suspension was 
centrifuged in the cold for 30 min. at 2000 g. The precipitate 
was treated twice in a similar manner and then washed with 
acetone, ethanol and ether as described previously for the 
preparation of dry defatted cells. The extracted cells con- 
tained 19-0 ug. of phosphorus/mg. 

Acid hydrolysis and paper chromatography were carried 
out as described above, but no glycerol, and only a trace of 
glycerol monophosphates, were detected in the hydrolysate. 

The trichloroacetic acid extracts were combined and the 
cloudy yellow solution (300 ml.) was cleared by filtering 
through Celite. Ethanol (300 ml.) previously chilled to 
— 20° was added and the solution was kept for 3 days at 
-2°. The resulting precipitate (50 mg.) was collected by 
centrifuging in the cold at 2000 g for 30 min. The super- 
natant was decanted and a further 300 ml. of ethanol was 
added. The solution was again kept for 3 days at - 2° and 
the precipitate (45 mg.) was collected by centrifuging. 
Acetone (300 ml.) previously chilled to — 20° was added to 
the supernatant and the precipitate (60 mg.) was collected 
after 3 days at -2°. 

The supernatant was concentrated to 250 ml. under re- 
duced pressure, trichloroacetic acid removed by extraction 
with ether (4 x 200 ml.), and the extract adjusted to pH 7 
with n-NaOH. The precipitate (350 mg.) that formed when 
the extract was neutralized was collected by centrifuging. 

All precipitates were washed by suspending first in cold 
acetone (100 ml.), then in cold ethanol (100 ml.) and finally 
in cold ether (100 ml.). They were dried at room temperature 
over P,O, in vacuo. 

Acid hydrolysis followed by chromatography in solvent A 
indicated that the two precipitates obtained by the addition 
of ethanol contained teichoic acid, the third contained only 
traces and the fourth contained none. The precipitates 
obtained by the addition of ethanol were combined. Acid 
hydrolysis of a sample of these combined precipitates, and 
chromatography in solvent A, showed the presence of 
material which absorbed ultraviolet light and at least four 
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amino acids, in addition to degradation products of teichoic 
acid. 

The material from the ethanol precipitation was sus- 
pended in cold 10% trichloroacetic acid (15 ml.), and after 
3 hr. at — 2° the suspension was centrifuged. The insoluble 
material was washed with cold acetone, ethanol] and ether, 
then dried at room temperature over P,O, in vacuo. Cold 
ethanol (30 ml.) was added to the clear supernatant, which 
was then kept for 3 days at — 2°. The precipitate that formed 
was collected by centrifuging and was washed and dried as 
described above. From 550mg. of crude teichoic acid 
250 mg. were recovered as insoluble material and 200 mg. 
by ethanol precipitation from the supernatant. 

Acid hydrolysis of samples of the soluble and insoluble 
preparations and chromatography in solvent A showed that, 
although material which absorbed ultraviolet light was still 
present, the amounts of all amino acids except alanine 
had decreased considerably. Repetition of this procedure 
produced no further purification, although some loss of 
material was observed. 

The soluble and insoluble samples were combined and 
suspended in water (3-0 ml.). The suspension was kept for 
15 min. at — 2° and then centrifuged. The insoluble material 
was dried as described above and the supernatant was 
freeze-dried. From 390 mg. of the partially purified pre- 
paration 275mg. of insoluble and 100mg. of soluble 
material were obtained. 

Preparation and examination of Lactobacillus casei walls 
and cell contents. Walls were prepared by a method similar 
to that described by Salton & Horne (1951). Washed cells 
(20 g.) were suspended in water (100 ml.) and 9 ml. portions 
of this suspension were shaken with Grade II Ballotini glass 
beads (10 ml.) (English Glass Co., Leicester) in a Mickle 
vibrator for 20-30 min. At least 90% of the cells were 
ruptured. 

The glass beads were removed by filtration through a 
no. 1 sintered-glass filter and the suspension was centri- 
fuged in the cold for 30 min. at 21 000 g. The sedimented 
material consisted of a bottom layer of whole cells and a 
layer of walls. The walls were removed carefully and washed 
six times with 50 ml. portions of water. Collection between 
washings was carried out by centrifuging for 30 min. at 
21 000 g. The washed walls were freeze-dried and examined 
(by Mr E. H. Boult) under the electron microscope. Whole 
cells and cell contents were absent. From 45 g. of wet cells 
(10 g. of dry cells) about 0-5 g. of dry clean walls were 
obtained. These walls, which contained 18-7 yg. of phos- 
phorus/mg., were examined by acid hydrolysis and paper 
chromatography (solvent A). No teichoic acids were 
detected. 

To the supernatant, obtained by centrifuging disrupted 
cells (45 g. wet weight, 10 g. dry weight), 50% trichloro- 
acetic acid was added to a final concentration of 5%. 
After 18 hr. at 2° the precipitated protein was removed by 
centrifuging in the cold at 2000 g for 30 min. An equal vol. 
of ethanol at - 20° was added to the supernatant and the 
precipitate (36 mg.) that formed during 3 days at - 2° was 
collected. A similar volume of ethanol at — 20° was added 
to the supernatant and a second precipitate (12 mg.) was 
collected after 3 days at — 2°. The precipitates were washed 
with cold acetone (100 ml.), ethanol (100 ml.) and ether 
(100 ml.), then dried at room temperature over P,O; 
in vacuo. 

Acid hydrolysis followed by paper chromatography 
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indicated that both precipitates contained large amounts of 
glycerol teichoic acid. Further purification was not 
attempted. 

Preparation of alanine from teichoic acid. The teichoic acid 
preparation (60 mg.) in N-NaOH solution (3:0 ml.) was kept 
at 37° for 18 hr. The hydrolysate was passed through a 
column (5 cm. x1 cm.) of Amberlite IR-120 (NH,*+ form) 
resin, elution being carried out with water. Fractions 
(5-0 ml.) were collected and samples were examined by 
paper chromatography (ninhydrin spray) for the presence 
ofalanine. Appropriate fractions were combined and freeze- 
dried. , 

The freeze-dried material was purified further by ascend- 
ing chromatography on Whatman no. 4 paper with solvent 
A. The alanine (R, 0-61) was eluted with water from the 
appropriate area of the paper and the solution was freeze- 
dried. The residue was dissolved in 0-05m-Na,P,0, solution 
(2-0 ml.) at pH 8-2. The amount of alanine in this solution 
was determined colorimetrically. 


Teichoic acid 

Acid hydrolysis. For quantitative analysis samples were 
hydrolysed in 2n-HCl at 100° for 24 hr. (1 mg. in 2-0 ml.). 
For qualitative chromatographic analysis hydrolysis was 
carried out in 2N-HCl at 100° for 3 hr. (1 mg. in 0-05 ml.), 
except for analysis of sugars when nN-H,SO, was used and 
the samples were hydrolysed at 100° for 24 hr. (1 mg. in 
0-2 ml.). 

Alkali hydrolysis. Samples were hydrolysed in n-NaOH 
for 3 hr. at 100° (1 mg. in 0-05 ml.). 

Reaction with ammonia. Samples were treated with aq. 
NH, soln. (sp.gr. 0-88) for 3 hr. at 37° (1 mg. in 0-1 ml.). 

Hydroxamate formation. Samples (1 mg.) were treated 
with 0-5m-hydroxylamine solution (0-1 ml.) at pH 7-4 for 
3 hr. at 37°. The hydroxylamine solution was prepared by 
adding Ba(OH), to hydroxylamine sulphate solution. The 
BaSO, was removed by centrifuging and the supernatant 
was adjusted to pH 7-4 with 6n-H,SO,. The concentration 
of hydroxylamine in the solution was determined by the 
method of Frear & Burrell (1955). 


Examination of hydrolysis products 


Treatment with phosphomonoesterase. Prostatic phospho- 
monoesterase was prepared by the method of Schmidt (1955) 
and the solution was diluted with an equal volume of 0-4m- 
ammonium acetate at pH 5-5. 

The phosphomonoesters were obtained by hydrolysing 
samples of polymer with alkali and passing the hydrolysates 
through short columns of Dowex 50 (H* form) or Amberlite 
IR-120 (NH,* form) resins. The eluates were freeze-dried, 
enzyme solution was added, and the resulting solutions were 
sealed into ampoules under toluene. Incubation was carried 
out at 37° for 3-7 days. 

Treatment of alanine with L-alanine transaminase. 
L-Alanine-«-oxoglutarate transaminase was prepared by 
the method of Green, Leloir & Nocito (1945). Purification 
of the enzyme was carried out to the second precipitation 
with (NH,).SO,. 

Enzyme activity and specificity were determined by add- 
ing the diluted (1:10) enzyme solution (0-2 ml.) to alanine 
(10 pmoles) and «-oxoglutarate (1-0 »mole) in 0-1 mM-sodium 
phosphate (1-0 ml.), pH 7-4. The mixture was kept at 37° for 
30 min. and the reaction was terminated by adding n-HCl 
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(1-0 ml.) containing 2:4-dinitrophenylhydrazine (1-0 pmole). 
The hydrazones were allowed to form for at least 30 min. 
before 0-4N-NaOH (10-0 ml.) was added. The extinction at 
510 mp was determined after 30 min. Under these condi- 
tions pyruvate can be detected in the presence of «-oxo- 
glutarate, as 1-Oumole of the 2:4-dinitrophenylhydrazone 
of pyruvate has an extinction of 0-880 and 1-0 umole of the 
2:4-dinitrophenylhydrazone of «a-oxoglutarate has an 
extinction of 0-330. A similar method for the determination 
of pyruvate has been used by Reitman & Frankel 
(1957). 

Treatment of alanine with D-amino acid oxidase. Crude 
D-amino acid oxidase was obtained from L. Light and Co. 
Ltd., Colnbrook, Bucks. The assay procedure on alanine 
from teichoic acid was similar to that described by Burton 
(1955). 

Chromatography. Acid hydrolysates were evaporated 
over P.O; in vacuo and the solid was dissolved in water 
before chromatography. 2f a chromatographic analysis of 
sugars was being carried out, the hydrolysate was neutral- 
ized with Ba(OH), in the presence of bromocresol green and 
BaSO, removed by centrifuging before the sample was 
dried. 

Alkali hydrolysates were passed through small columns of 
Dowex 50 (H* form) or Amberlite TR-120 (NH,* form) 
resins. The resulting solutions were dried over P,O, in vacuo 
and the residues dissolved in water for chromatography. 

Ascending chromatography was carried out on Whatman 
no. 4 paper that had been washed with 2Nn-acetic acid and 
then water. The solvents used were: A, propan-1l-ol-aq. 
NH, soln. (sp.gr. 0-88)—water (6:3:1) (Hanes & Isherwood, 
1949); B, propan-l-ol-water-0-5m-hydroxylamine (pH 
7-4)-0-1 m-ethylenediaminetetra-acetic acid (80:17:2:1). 
Descending chromatography was carried out on Whatman 
no. 1 paper with C, butan-l-ol-pyridine—water (6:4:3) 
(Jeanes, Wise & Dimler, 1951). 

Development of paper chromatograms. «-Glycols were 
detected with the periodate-Schiff reagents (Buchanan, 
Dekker & Long, 1950; Baddiley, Buchanan, Hand- 
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schumacher & Prescott, 1956a). Inorganic and organic 
phosphates were detected with HClO,-ammonium molyb- 
date (Hanes & Isherwood, 1949). Amino acids and their 
amides were detected with ninhydrin (Consden & Gordon, 
1948). Reducing sugars were detected with AgNO, 
(Trevelyan, Procter & Harrison, 1950) and aniline phthalate 
(Partridge, 1949). Hydroxamates were detected with 
FeCl, (Fink & Fink, 1949). Certain chromatograms were 
also examined under ultraviolet light. 

Quantitative colorimetric determinations. Inorganic phos- 
phate was determined by the method of Chen, Toribara & 
Warner (1956). Total phosphate was estimated after hydro- 
lysis with H,SO,-60% HClO, (Hanes & Isherwood, 1949). 
In this method solid samples (1 mg.) were digested with the 
acid mixture (0-1 ml.) for 20 min. The cooled solutions were 
diluted with water (1-9ml.) and boiled for 30 min. to 
destroy any pyrophosphate. Orthophosphate was then 
determined by the method of Chen e¢ al. (1956). 

Alanine was determined by the method of Rosen (1957), 
reducing sugars by the method of Park & Johnson (1949), 
and glycerol by the method of Hanahan & Olley 
(1958). 

Hydroxamates were estimated by adding 0-1 m-hydroxyl- 
amine (1-0 ml.) at pH 7-4 containing the hydroxamate, to 
n-HCl (1-0 ml.) and adding m-FeCl, (1-0 ml.). Alanine 
hydroxamate (prepared by Dr F. C. Neuhaus) was used as a 
standard; 2-0umoles gave a reading of 0-340 at 540 mp 
with a Unicam SP. 500 spectrophotometer. 

Ultraviolet-light absorption was determined at 250, 260 
and 280 mz. 


RESULTS AND DISCUSSION 


The walls of L. casei A.T.C.C. 7469 do not con- 
tain detectable amounts of either glycerol or 
ribitol teichoic acids. Nevertheless, organically 
bound phosphate (18-7 »g./mg.) is present, and in 
this respect these walls are similar to those from 





Table 1. Acid hydrolysis products from teichoic acid preparations 


Water-soluble Water-insoluble Rp, in 

fraction fraction solvent A 
+ + 0-60 

Trace + 0-40 
- + 0:27 
- + 0-23 
‘ + 0-58 
= + 0-29 
ao + 0-20 
+ + 0-12 
+ : 0-05 
+ +f 0-81 
+ ~ 0-34 
+ + 0-16 
+ be 0-13 

Trace - 
+ Trace 
+ + 
+ Trace 

Trace - 

Trace Trace 


Rgtocose in 

solvent C Compound deteeted 

Degradation products from 
nucleic acid 


0-40 Alanine* 


’ | Amino acids 


1-80 Glycerol* 

; Glycerophosphates* 
Inorganic phosphate* 
Glycerol diphosphates* 


0-69 


Glucosamine 
0-87 Galactose 
1-00 Glucose 
1:15 Mannose 
1-28 Xylose (?) 
1-43 Ribose 


* Major product. 
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several other organisms studied in this Laboratory. 
In a number of cases it has been noticed that walls 
that do not contain detectable amounts of teichoic 
acid, or walls from which all teichoic acid has been 
extracted, still contain a small amount of organic 
phosphate of unknown composition. 

The cell contents of this organism, like those of all 
Lactobacilli studied so far (Baddiley & Davison, 
1961), contain glycerol teichoic acid. Although the 
precise location of this compound in the cell is not 
known, it is perhaps significant that the fraction 
described as ‘cell contents’ from which it was 
isolated could include protoplast membrane or 
related structures if these occur in this organism. 
Phospholipids are known components of protoplast 
membranes. 

The glycerol teichoic acid was extracted from cell 
contents or whole defatted cells of L. casei with cold 
dilute trichloroacetic acid, and was precipitated by 
adding ethanol. This simple isolation procedure 
yielded an impure product, and repeated precipita- 
tion failed to remove all traces of contaminants. No 
difference in chemical structure has been observed 
between teichoic acid obtained from whole cells or 
from cell contents, so for practical reasons most of 
this work was carried out on material from whole 
cells. In general, the purification of teichoic acids 
from the cell contents of bacteria is considerably 
more difficult than it is for those extracted from 
isolated walls. 

The glycerol teichoic acid preparations from 
L. casei were readily separated by treatment with 
water into a soluble and an insoluble fraction. 
Chromatographic analysis of acid hydrolysates of 
both fractions (see Table 1) revealed the presence of 
several impurities, but no significant qualitative 
differences were noticed in the chemical composi- 
tion of the two fractions, and all the expected 
degradation products were formed in comparable 
amounts by acid or alkali hydrolysis of both. 
Minor products that arose from impurities included 
hydrolysis products from nucleic acid, sugars and 
traces of amino acids. The reasons for the differences 
in solubility of the two teichoic acid preparations is 
not clear, but it may be related to the relative 
amount of impurities in the two samples (see 
Table 2). The insoluble fraction contains signifi- 
cantly larger amounts of material absorbing ultra- 
violet light than does the soluble one and this could 
affect its solubility. The sugar was mainly glucose 
but small amounts of glucosamine, mannose, 
galactose and ribose were detected. Careful ex- 
amination of alkali hydrolysates before and after 
phosphatase treatment failed to reveal the presence 
of glycosides of glycerol, which indicates that the 
sugars in the glycerol teichoic acid preparations are 
present as polysaccharide impurities and are not 
components of the teichoic acid. 


Table 2. Quantitative analysis of glycerol teichoic acid preparations 


Absorption at 


Se 
( ——— 


Ratio of: 
Organic P: glycerol: amino 


Reducing 


Amino acids 


tlycerol 
(umoles/ 


Inorganic P Organic P  ¢ 
(ug.atom/ 


Total P 
(ug.atoms/ 


acids: reducing sugars 


(ug.atoms/ (umoles/ sugars 
mg.) mg.) mg.) mg.) mg.) (umole/mg.) 


4:37 


280 mu 


(1-0 mg./ml. in 0-1N-HCl) 


260 mu 


1:0-93:0-63:0-17 


0-60 


3-3 


3°61 


1-203 
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Water-soluble 


INTRACELLULAR GLYCEROL TEICHOIC ACID 


fraction 


1:0-67:0°47:0°10 


0-35 


1-65 


1-848 4-49 0-96 


3-106 


Water-insoluble 


fraction 


1:0-76:1-38:0-17 


2-18 1-65 3-00 0-38 


0-05 


0-607 


0-976 


cell contents (not 


Precipitate from 
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The major products of acid hydrolysis were 
alanine, glycerol, glycerol mono- and di-phosphates, 
and inorganic phosphate. These are characteristic 
products of acid hydrolysis of glycerol teichoic acids 
from many sources and had been noted in hydro- 
lysates of crude preparations of ribitol teichoic acids 
obtained by extraction of whole cells of other 


bacteria (Armstrong et al. 1958). The behaviour of 


this teichoic acid towards acid hydrolysis suggests 
that it is composed of a chain of glycerol residues 
joined together through phosphodiester linkages 
and bearing alanine residues in ester linkage with 
most of the remaining glycerol hydroxyl] groups. It 
thus resembles closely the ribitol teichoic acids, in 
which glycosylribitol units are joined through phos- 
phodiester linkages and alanine is involved in ester 
linkage with hydroxy] groups. Most features of the 
structure of one of the ribitol teichoic acids have been 
established recently (Armstrong, Baddiley & 
Buchanan, 1960). 

Under acidic conditions, hydrolysis of a poly- 
glycerophosphate should occur at either side of the 
phosphodiester linkages and would thus give 
glycerol and its diphosphates, in addition to the 
monophosphates. The formation of glycerol di- 
phosphates established the pattern of the chain, in 
which glycerol units are doubly linked through 
phosphate. The analytical results support this type 
of structure. 

If it is assumed that the natural polymer con- 
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tains a regular repeating unit then the phosphate 
linkages must occupy eiiner the 1: 2-positions (I) or 
the 1:3-positions (II). The structures are shown for 
convenience as polymers of only four glycero- 
phosphate units (Scheme 1). 

Structures (I) and (II) could be distinguished 
from each other by the action of alkali. Phospho- 
diesters are hydrolysed readily with alkali only if 
they contain at least one hydroxyl group on a 
carbon atom adjacent to that which bears the phos- 
phodiester grouping. This lability arises through a 
hydrolysis mechanism involving the intermediate 
formation of a five-membered cyclic phosphate 
(Brown & Todd, 1952: Brown, Magrath, Neilson & 
Todd, 1956). On this basis, there would be two 
courses for the hydrolysis of structure (I). The first 
course would be that illustrated, in which fission of 
the chain would occur at the points (A) indicated by 
dotted lines. The products would be glycerol and the 
cyclic phosphates shown. Under normal conditions 
the cyclic phosphates would hydrolyse to a mixture 
of «- and £-glycerophosphates or, with the cyclic 
phosphate from the terminal residue, a mixture of 
glycerol diphosphates. 

An alternative and presumably simultaneous 
mechanism for the hydrolysis of (I) would involve 
the stepwise removal of glycerophosphate residues 
from the left-hand side of the structure. Again, 
these would be released first as a cyclic phosphate 
which would then give the usual mixture of «- and 
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B-glycerophosphates. If only this mechanism were 
to operate, the entire polymer would be converted 
into glycerophosphates. The proportions of 
glycerol, glycerophosphates and diphosphates in an 
alkali hydrolysate of (I) would depend upon the 
relative rates of the two types of hydrolysis and 
upon the chain length of the polymer. 

Structure (II) would hydrolyse in alkali through a 
cyclic phosphate mechanism by fission at either side 
of each phosphodiester linkage. Again the final 
products would be glycerol and its mono- and di- 
phosphates, although the proportions of the pro- 
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ducts would not necessarily be the same as for the 
hydrolysis of structure (I). 

The possibility of hydrolysis in both directions 
from points along the chain in structure (II) could 
result in the formation of a product that is unique 
for a 1:3-phosphodiester structure, and could not 
arise from the 1:2-polymer (I). Thus, an inter- 
mediate cyclic phosphate (III) would be formed 
from the 1:3-polymer (II) by hydrolysis at points 
A and B (Scheme 2). Further action of alkgli on this 
product would give the diglycerol triphosphate (V), 
together with isomers in which one or both phospho- 
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monoester residues occupy the terminal positions. 
These isomers would be unstable towards alkali, as 
they would possess at least one free hydroxyl group 
adjacent to the phosphodiester group, and so would 
hydrolyse finally to a mixture of glycerophosphates 
and diphosphates. On the other hand, compound 
(IV) would be stable towards alkali; it should be 
possible to demonstrate its presence in alkali hydro- 
lysates from structure (II) by enzymic removal of 
phosphomonoester residues to give the diglycerol 
phosphate (V), which would now be labile towards 
alkali. The amount of triphosphate expected would 
be small, but its presence would be diagnostic for 
structure (II) as it could not arise from the 1:2- 
polymer (I). 

The products of alkali hydrolysis of the glycerol 
teichoic acid were compared with those from a 
synthetic compound that is believed to be mainly 
a 1:3-polymer of glycerophosphate. (We are grate- 
ful to Dr A. M. Michelson for supplying the syn- 
thetic material.) After removal of sodium ions, the 
products were examined by paper chromatography. 
Apart from the presence of alanine, inorganic phos- 
phate and minor products from impurities in the 
hydrolysate of natural material, the two mixtures 
were remarkably similar. The principal products 
were glycerol, its monophosphates and diphosphates. 
The solvent systems used in this study are unable to 
resolve «- and B-glycerophosphates, but it is known 
that alkali hydrolysis of phosphodiesters of glycerol 
yields both isomers. 

The area corresponding to the diphosphates was 
cut out and products were eluted. Phosphomono- 
ester groups were removed by incubation with 
prostatic phosphomonoesterase and the resulting 
mixture was examined by chromatography. In 
addition to inorganic phosphate and some glycerol 
phosphates arising from incomplete dephosphoryl- 
ation of diphosphates, two further products were 
detected. One of these was glycerol, which had 
been formed by the action of the enzyme on the 
glycerol diphosphates. The other product was a 
phosphoric ester with a higher R, value (0-58) than 
the original phosphate mixture (0-13) before de- 
phosphorylation. Glycerol groups were present in 
this compound, as it reacted rapidly with the 
periodate—Schiff reagents, and it was readily con- 
verted by hot alkali into a mixture of glycerol and 
its monophosphates. It follows that this product is 
the diglycerol phosphate (V), and must have been 
formed by enzymic hydrolysis of the diglycerol tri- 
phosphate (IV). The formation of these compounds 
can only be explained by the presence of a 1:3- 
polymeric structure (II) in both natural and 
synthetic materials. 

The structure (II) is a polymer of 1L-x-glycero- 
phosphate, which is more accurately described as 
L-glycerol 3-phosphate or D-glycerol 1-phosphate. 
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This fuller nomenclature is based on glyceraldehyde, 
the reference compound generally accepted in the 
carbohydrate field, but is not in agreement with a 
system supported by Baer & Buchnea (1959) in 
which L-«-glycerophosphate is considered equiva- 
lent to L-glycerol 1-phosphate. It is logical that the 
compound obtained by reduction of L-glycer- 
aldehyde 3-phosphate should be called t-glycerol 
3-phosphate (Benson & Maruo, 1958), the system of 
nomenclature thus corresponding to that already in 
use for higher polyol phosphates. The evidence from 
hydrolysis would not distinguish a polymer of L-«- 
glycerophosphate from one derived from D-a- 
glycerophosphate, or from one bearing phospho- 
monoester residues at both ends or lacking such 
residues altogether. Unpublished evidence (P. 
Critchley & D.C. Ellwood) on glycerol teichoic acids 
from other sources suggests that this group of com- 
pounds is correctly represented as shown, in that 
one phosphomonoester residue is present at one end 
of the chain. The presence of impurities in our 
preparations of the teichoic acid from L. casei 
prevents a reliable investigation of this feature. 

The structures shown are in agreement with 
current views on the biosynthesis of teichoic acids. 
The ribitol teichoic acids are known to be derivatives 
of p-ribitol 5-phosphate, and contain one terminal 
phosphomonoester residue in the appropriate posi- 
tion (Armstrong et al. 1960). Moreover, they are 
almost certainly derived from the nucleotide 
cytidine diphosphate ribitol, which is also a deriva- 
tive of D-ribitol 5-phosphate. It is reasonable to 
assume an analogy between the biosynthesis of 
ribitol and glycerol teichoic acids. Thus, the latter 
compounds would be derived from the bacterial 
nucleotide cytidine diphosphate glycerol (Baddiley, 
Buchanan, Mathias & Sanderson, 19566), which is 
known to be a derivative of L-«-glycerophosphate 
(Baddiley, Buchanan & Carss, 1957). It follows 
that the glycerol teichoic acids would be polymers 
of L-«-glycerophosphate, and so would be correctly 
represented as shown here. 

Alanine was isolated from the teichoic acid by 
hydrolysis with alkali followed by paper chromato- 
graphy. It did not yield pyruvate in the presence 
of «-oxoglutarate—L-alanine transaminase, but was 
readily and completely oxidized through the action 
of a D-amino acid oxidase. The course of this 
oxidation, compared with synthetic p-alanine, is 
given in Fig. 1. It follows that the alanine residues 
have the p-configuration and thus resemble those in 
the ribitol teichoic acids (Baddiley & Neuhaus, 
1960; Armstrong et al. 1960). 

The alanine residues, like those in the ribitol 
teichoic acids, are in ester linkage with hydroxyl 
groups in the polymer. This follows from their ready 
removal with dilute ammonia or hydroxylamine at 
room temperature to give respectively alanine 
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amide (R, 0-72 in solvent A) or hydroxamate (R, 
0-50 in solvent B). The teichoic acid also shows a 
distinct absorption maximum at 1745 cm.~ in the 
infrared which is characteristic for the carbonyl 
group of a carboxylic ester. 

The above evidence establishes the structure 
shown in (VI) for the glycerol teichoic acid of 
L. casei. In this structure it is assumed that each 
glycerol unit bears an alanine residue, although the 
amount of alanine found in isolated material is less 
than that required by such a structure. The low 
alanine content could arise through the lability of 
these ester linkages under the conditions used for 
isolation. 

The alanine ester linkages in ribitol teichoic acids 
are highly reactive towards alkali and amines, and 
it was of interest to compare the two types of 
teichoic acid in their behaviour towards hydroxyl- 
amine. Spontaneous hydrolysis of alanine ester 
linkages under the reaction conditions prevented 
the accurate determination of the rate of reaction 
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Fig. 1. The action of p-amino acid oxidase on alanine iso- 
lated from glycerol teichoic acid. Crude p-amino acid 
oxidase (20 mg.) and 5 ug. of catalase were added from the 
side arm to alanine in 0-05m-Na,P,0,, pH 8-2. The centre 
well contained 0-2 ml. of 20% KOH. The total volume of 
each incubation vessel was 3-2ml. Additions: @, No 
alanine or 8 umoles of L-alanine; O, 8 wmoles of p-alanine; 
x, 8yumoles of alanine isolated from glycerol teichoic acid. 
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with hydroxylamine, but an estimate for the time 
required for hydroxamate formation from half the 
ester linkages was obtained. At pH 7-2 in 0-1m- 
hydroxylamine solution at 37° the half-life of 
alanine ethyl ester was 80 min. and that of the 
alanine residues in the glycerol teichoic acid was 
3-5 min. Although the value for the teichoic acid is 
only approximate it is clearly similar to the value, 
5 min., found for ribitol teichoic acid under com- 
parable conditions (Armstrong e¢ al. 1959) and that 
of 3 min. at 30° in 0-8m-hydroxylamine, pH 7:2, 
found for the amino acid ester linkages attached to 
ribonucleic acid during intermediate stages in 
protein synthesis (Berg & Ofengand, 1958). The 
high reactivity of the amino acid ester linkages in 
the ribonucleic acid derivatives was previously 
thought to be mainly a consequence of the presence 
of a neighbouring hydroxyl] group, and this struc- 
tural feature could also occur in ribitol teichoic 
acids. On the other hand, this can not occur in the 
glycerol teichoic acids, and we conclude that the 
reactivity of their ester linkages is associated with 
the presence of neighbouring phosphate groups. It 
is interesting that recent studies with model com- 
pounds have shown that a neighbouring hydroxyl 
group alone does not markedly increase the re- 
activity of a carboxylic ester linkage (Wieland, 
Merz & Pfleiderer, 1960; Zachau, 1960; Zachau & 
Karau, 1960). 


SUMMARY 


1. Although the walls of Lactobacillus casei 
A.T.C.C. 7469 contain no detectable amounts of 
teichoic acid, a glycerol teichoic acid was detected 
within the cells. 

2. This compound has been isolated and partially 
purified by extraction of cells or cell contents with 
trichloroacetic acid and reprecipitation several 
times with ethanol. 

3. On acid hydrolysis it gives glycerol, its mono- 
and di-phosphates, inorganic phosphate and 
alanine. With hot alkali the products include the 
alkali-stable diglycerol triphosphate (IV). The 
structure of this triphosphate was established by 
hydrolysis to the diglycerol phosphate (V) with 
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prostatic phosphomonoesterase. The phospho- 
diester (V) was hydrolysed with alkali to glycerol 
and its monophosphates. It follows that the 
teichoic acid is a polymer in which glycerol residues 
are joined through phosphodiester linkages at posi- 
tions 1 and 3 in the glycerol units. 

4. The alanine from the polymer is readily oxid- 
ized with a D-amino acid oxidase, and thus has the 
pD-configuration. 

5. Alanine is joined to the polymer through ester 
linkages at the 2-position of each glycerol residue. 
The structure (VI) is assigned to this intracellular 
teichoic acid. 

6. The alanine ester groups are highly reactive 
towards alkali and amines. They react with 
hydroxylamine at about the same rate as do amino 
acids in combination with ribonucleic acid. 


We thank the Medical Research Council, the Rockefeller 
Foundation and the Nuffield Foundation for financial 
support. 
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Further Studies on the Teichoic Acid from Bacillus subtilis Walls 
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The ribitol teichoic acid from the walls of Bacillus 
subtilis is a polymer in which about nine £-pD- 
glucosylribitol phosphate units are joined together 
through phosphodiester linkages involving the 1- 
and 5-positions of the ribitol residues. Most of the 
units bear D-alanine in ester linkage with a hydroxyl 


* Salters’ Fellow. 


of either the glucose or ribitol (Armstrong, Baddiley 
& Buchanan, 1960). 

Alkali hydrolysis of this teichoic acid yields a 
mixture of glucosylribitol phosphates, which in the 
previous work were partially characterized without 
separation. These have now been separated from 
each other and their structures established. The 
glucosylribitol diphosphates arising from one end of 
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the chain have also been studied in greater detail. 
Periodate oxidation studies have been made in 
efforts to locate the alanine ester linkages. 


MATERIALS AND METHODS 


Growth of organism and isolation of teichoic acid. B. subtilis 
was grown with aeration in a peptone (2 %)-sodium chloride 
(0:5 %) liquid medium and teichoic acid was extracted from 
whole defatted cells with trichloroacetic acid as described 
by Armstrong et al. (1960). 

The periodate oxidation studies on teichoic acid were 
carried out on neutral material. This was prepared by the 
prolonged cold extraction procedure, and the precipitated 
teichoic acid (100 mg.) was dissolved in water (25 ml.), 
neutralized (pH 6-0) by adding dilute ammonia with 
vigorous stirring and freeze-dried. Only a trace of free 
alanine was detected in this material by paper chromato- 
graphy in butan-1-ol—-water. 

Chromatography. Paper chromatography was carried out 
on Whatman no. 1 or no. 4 paper previously washed with 
2n-acetic acid then water. The solvent systems used were: 
A, propan-1-ol-ammonia soln. (sp.gr. 0-88)—water (6:3:1), 
(Hanes & Isherwood, 1949); B, n-butan-1l-ol-ethanol— 
water-ammonia soln. (sp.gr. 0-88) (40:10:49:1) organic 
phase (Foster, Horton & Stacey, 1957). 

Compounds were detected by the improved periodate— 
Schiff reagents for glycols (Baddiley, Buchanan, Hand- 
schumacher & Prescott, 1956), the molybdate reagents for 
phosphoric esters (Hanes & Isherwood, 1949), the aniline 
phthalate reagent for reducing sugars (Partridge, 1949) and 
the ninhydrin reagent for amino acids (Consden & Gordon, 
1948). 

Charcoal chromatography was carried out with columns 
containing a mixture of charcoal/Celite-silica (2:1, w/w) 
(Zilliken, Rose, Braun & Gyérgy, 1955). The Norit A 
charcoal (40 g.) was previously treated with boiling 20% 
acetic acid solution (300 ral.), filtered, washed by decanta- 
tion with water (4 x 4 1.), filtered, washed with water (2 1.) 
and dried at 140° for 24 hr. 

Quantitative analyses. Inorganic and total phosphate was 
determined by the method of Chen, Toribara & Warner 
(1956). Periodate oxidation was determined volumetrically 
by the use of 0:01 n-sodium thiosulphate (Hough, Powell & 
Woods, 1956) or by measuring the decrease in ultraviolet- 
light absorption at 223 my (Dixon & Lipkin, 1954). 

Periodate oxidation of teichoic acid. Neutral teichoic acid 
(22 mg.) was dissolved in water (3-0 ml.) and the solution 
was kept in the frozen state until required. 

Ammonia (sp.gr. 0-88) (0-15 ml.) was added to a sample 
(1-0 ml.) of the teichoic acid solution and, after 5 hr. at room 
temperature, solvent was removed by evaporation in vacuo. 
The residue was dissolved in water (4-0 ml.), 0-2m-sodium 
acetate buffer, pH 5-8 (5-0 ml.) and 0-2m-sodium meta- 
periodate solution (0-6 ml.) were added and the volume was 
adjusted to 10 ml. with water. 

To a further sample (1-0 ml.) of the teichoic acid solution 
was added 0:2m-sodium acetate buffer, pH 5-8 (5-0 ml.) and 
0-2m-sodium metaperiodate solution (0-6 ml.) and the 
volume was adjusted to 10 ml. with water. A control 
mixture without teichoic acid was also prepared. 

The solutions were kept in the dark at room temperature 
and samples (2-0 ml.) were removed at intervals for deter- 
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mination of periodate (Hough ef al. 1956). The preparation 
that had had alanine ester linkages destroyed by addition 
of ammonia had ceased consuming periodate after 60 hr., 
whereas oxidation of the intact teichoic acid was still pro- 
ceeding slowly after this time. Unused periodate was 
destroyed at this stage by saturation with sulphur dioxide, 
solvent was removed in vacuo, the residues were dissolved 
in 2n-hydrochloric acid (0-2 ml.), and the solutions were 
heated at 100° for 24 hr. in sealed tubes. After evaporation 
over potassium hydroxide the residues were dissolved in 
water and passed through small columns of Dowex 50 (H* 
form) and then Dowex 1 (CI form) resins. The eluates were 
evaporated and examined by paper chromatography in 
solvent A. Intact teichoic acid gave anhydroribitol (Rp, 
0-75) and its 5-phosphate (R, 0-29), whereas the polymer in 
which alanine ester linkages had been destroyed yielded 
neither of these products. 

In a second study samples (0-1 ml.) were removed for 
phosphate determination; the ratio 10,” consumed: organic 
phosphate for intact teichoic acid and that with alanine 
removed was 3-32 and 2-71 respectively after 60 hr. oxid- 
ation. The corresponding results after 132 hr. oxidation 
were 3-69 and 2-92. The ratio expected from previous work 
is 2-97 for pure material. Even after oxidation for 132 hr., 
treatment with sulphur dioxide and acid still gave anhy- 
droribitol and its 5-phosphate from intact teichoic acid. 

Oxidation experiments were also carried out in the 
absence of buffer. After 60 hr. the polymer without alanine 
ester groups had consumed slightly more periodate than 
had the intact material. Destruction of periodate and acid 
treatment as before resulted in the formation of very small 
amounts of anhydroribitol and its 5-phosphate from the 
oxidized intact teichoic acid, but neither product was 
obtained from the teichoic acid which had had its alanine 
ester linkages destroyed. 

Periodate oxidation of alanine and iis methyl ester. Alanine 
methylester hydrochloride (21-7 mg.) and alanine (13-4 mg.) 
were each dissolved in 0-2M-sodium acetate buffer, pH 5-8, 
(12-5 ml.), 0-2m-sodium metaperiodate solution (1-5 ml.) 
was added to each and the volumes were adjusted to 25 ml. 
with water. A control solution without amino acid or ester 
was also prepared. Solutions were kept in the dark at room 
temperature and samples (2:0 ml.) were removed periodi- 
cally for periodate determination. After 132 hr. alanine had 
consumed 0-114 and the methyl] ester 0-025 mol.prop. of 
periodate. 

Alkali hydrolysis and enzymic dephosphorylation of 
teichoic acid from whole cells. Material used in hydrolysis 
studies was isolated by extraction of whole defatted cells 
with trichloroacetic acid at 50° and consequently contained 
a small amount of the intracellular glycerol teichoic acid 
present in this organism (Armstrong et al. 1959). A sample 
(520 mg.) of this impure preparation was hydrolysed with 
alkali followed by dephosphorylation of products with 
prostatic phosphatase (Armstrong et al. 1960). The main 
product, glucosylribitol (157 mg.), was isolated by crystal- 
lization according to previous procedures (Found: C, 40-8; 
H, 7:2. Cale. for C,,H».0,,4H,0: C, 40-9; H, 7-2%). 
Anhydrous material was obtained by recrystallization with 
scratching from dry methanol-ether (Found: C, 41-7; H, 
7-0. Cale. for C,;H20,9: C, 42-0; H, 7-1%). 

The crystallization mother liquors were evaporated 
in vacuo, the residue (150 mg.) was dissolved in water and 
adsorbed on a charcoal (10 g.)—Celite (5 g.) column. Elution 
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of products was achieved by successive development with 
water (600 ml.), 2% ethanol (250ml.), 5% ethanol 
(500 ml.) and 10% ethanol (250 ml.). The fraction from 
90-180 ml. of water contained glycerol (10 mg.), that from 
250-550 ml. of water ribitol (7 mg.); the fraction from 
0-100 ml. of 2% ethanol contained ribitol and anhydro- 
ribitol (3 mg.), that from 100-500 ml. of 5% ethanol 
glycosylribitol (122 mg.), and that from 10% ethanol a 
trace of glucosylribitol. 

The glycerol had Ry, 0-75 in solvent A and RB,» 4.) 1-47 
in solvent B, reacted rapidly with the periodate-Schiff 
reagents and the resulting magenta spot faded slowly in a 
manner characteristic of acyclic polyols. It gave a crystal- 
line tribenzoate (19 mg.), m.p. 74°, undepressed when 
mixed with authentic tri-O-benzoylglycerol (Found: C, 
71-1; H, 5-1. Cale. for C,,H_.90,: C, 71-3; H, 5-0%). 

The ribitol had R, 0-65 in solvent A and R,p ito; 1-0 in 
solvent B. It was heated at 100° in 2N-hydrochloric acid for 
17 hr. and the products were examined by paper chromato- 
graphy. Anhydroribitol (R, 0-75 in solvent A and Rypito 
1-38 in solvent B) was formed and a trace of unchanged 
ribitol was detected. 

The glucosylribitol from the charcoal column was crystal- 
lized by concentrating the appropriate fractions to 5 ml., 
centrifuging to clarify and evaporating to dryness in vacuo. 
The residue was dissolved in aqueous alcohol and solvent 
was evaporated slowly. The material had m.p. 135-140°, 
[«]?} — 21-3° in water (c, 1-5). The infrared spectrum (KBr 
disk) of this compound was identical with that given by the 
glucosylribitol obtained previously, and which is now 
believed to be a hemi-hydrate. 

Preparation and isolation of glucosylribitol phosphates. The 
teichoic acid was hydrolysed with n-sodium hydroxide 
solution for 3 hr. at 100°, and the resulting mixture of 
organic phosphates was isolated as barium salts by adding 
barium acetate then ethanol (Armstrong eé al. 1960). The 
ion-exchange separation conditions are similar to those 
used by Hara (1959). 

A solution containing the mixture of barium salts (94 mg., 
162 pmoles of P) in water (200 ml.) was passed through a 
column of Dowex 50 (NH,* form) resin. The column was 
washed with water (500 ml.), and the combined eluate and 
washings were evaporated in vacuo to 100 ml. The pH was 
adjusted to 8-5 with ammonia and the solution was passed 
through a column (30 cm. x0-9 cm.) of Dowex 1X2 (CI 
form). After the column was washed with water (500 ml.) 
and 0-001 n-ammonia (200 ml.), elution was effected by suc- 
cessive passage of 11. of each of the following solutions 
through the column: (1) 25 mM-ammonium chloride and 
0-01 m-sodium tetraborate, (2) 25 mm-ammonium chloride, 
2 mM-ammonia and 1 mm-sodium tetraborate, (3) as (2) but 
containing 0-1 mm-sodium tetraborate, (4) as (2) but con- 
taining 10 uM-sodium tetraborate, (5) as (2) but containing 
no sodium tetraborate. Fractions (25 ml.) were collected 
automatically at a flow rate of 1-0 ml./min. and examined 
for phosphorus and ultraviolet-light absorption at 260 my. 
Finally the column was washed with water and diphosphates 
were eluted with 0-1 m-lithium chloride solution at pH 5-0. 

Two fractions, I and II, rich in phosphate, were eluted 
with solution (3), but it was shown that the first fraction 
had started to emerge from the column before completion of 
the passage of solution (2). These fractions contained the 
glucosylribitol monophosphates. A very small fraction, III, 
followed closely after II and another minor fraction, IV, 
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was eluted with solution (5). All fractions up to this stage 
were free from material which absorbed ultraviolet light. 
Fractions III and IV may have contained glycerol mono- 
and di-phosphates. Fractions I and II were separately 
evaporated to 150 ml.; I contained 55 umoles of P and II 
contained 43 pmoles of P. The discarded fraction collected 
between these two main fractions contained 14 umoles of P 
and represented a mixture of the isomeric monophosphates. 
Fraction IIL contained 8 pmoles of P, most of which prob- 
ably represented monophosphate from II. Fraction IV 
contained 0-5 umole of P. 

Elution with lithium chloride gave three fractions. 
Fraction V contained material which absorbed ultraviolet 
light. Fraction VI overlapped fraction VII, and was 
separated mainly in order to obtain this last fraction free 
from nucleotide impurities. Fraction VII contained 
16 pmoles of P, 12% of which was inorganic. Examination 
of fraction VII by paper chromatography in solvent A 
showed that it contained largely the diphosphate (R, 0-12), 
a trace of the monophosphate (R, 0-28) and some inorganic 
phosphate. It was adjusted to pH 7 with lithium hydroxide 
solution and then freeze-dried. The solid was treated with 
acetone (100 ml.) and acetone-ethanol (3:7) until washings 
were free from chloride ions. The residue was dissolved in 
water (15 ml.) and kept in the frozen state (— 20°). 

Charcoal chromatography of glucosylribitol phosphates. 
Fractions I (150 ml.) and IT (500 ml.) were passed through 
charcoal (6 g.)-Celite (3 g.) columns, which were then 
washed with water (2-5].), and the eluates (pH 5-8) 
examined for phosphates The washings from fraction 1 
contained inorganic phosphate (9-0umoles) and organic 
phosphate (8-5ymoles). Fraction II washings contained 
inorganic phosphate (9-0 umoles) and no organic phosphate. 
The presence of organic phosphate in the washings from 
fraction I probably arose through the high concentration of 
salts in that fraction. 

Elution of organic phosphates was carried out with 15% 
ethanol until 95-96 % of the total phosphate was present in 
the eluate. The pH of the eluate fell from 5-8 to 3-8 during 
the elution. Ammonia soln. (sp.gr. 0-88) (1-0 ml.) was added 
to each and solvent was removed in vacuo (30°). The residues 
were examined by paper chromatography in solvents A and 
B. Both fractions contained glucosylribitol, inorganic 
phosphate and glucosylribitol phosphate (R, 0-28 in 
solvent A). Phosphate analysis indicated that about 35% 
of the organic phosphate had been hydrolysed during the 
charcoal adsorption and elution. Similar decomposition 
was observed when columns were prepared from charcoal 
which had been washed with 2N-ammonia. 

The solid residues from the charcoal column eluates were 
dissolved in the minimum quantity of water, a solution of 
lithium chloride (20 mg.) in ethanol (5-0 ml.) was added to 
each and acetone-ethanol (1:1) (200 ml.) was added. After 
48 hr. at 0° the precipitated solids were collected by centri- 
fuging, washed with ethanol (2 x 10 ml.) and dissolved in 
water (5-0 ml.), insoluble material was removed by centri- 
fuging, and the clear supernatants were stored at -—20°. 
Paper chromatography of both solutions in solvent A 
showed the presence of the glucosylribitol monophosphates 
and inorganic phosphate but no trace of glucosylribitol. The 
preparation from fraction I contained 16-0 wmoles of organic 
phosphate and 1-6umoles of inorganic phosphate; that 
from fraction II contained 9-5 pmoles of organic phosphate 
and 1-6ymoles of inorganic phosphate. Mixtures of the 
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glucosylribitol phosphates were unresolved by chromato- 
graphy in propan-2-ol-ammonia (sp.gr., 0-88)—water (7: 1:2) 
or tert.-buty] alcohol-picric acid—water (80 ml.:2 g.:20 ml.). 


Glucosylribitol monophosphates 


Action of prostatic phosphatase. Samples of solutions 
(Li salts) from the charcoal treatment of fraction I (0-2 ml.) 
and fraction II (0-4 ml.) were mixed with 0-4m-ammonium 
acetate buffer, pH 5-5 (50yl.) and prostatic phosphatase 
solution (50 yl.). After incubation at 37° for 40 hr. under 
toluene the hydrolysates were passed through columns of 
Dowex 50 (H* form) resin and evaporated over potassium 
hydroxide. The residues were examined in solvents A and B 
and were shown to contain only glucosylribitol and in- 
organic phosphate. 

Oxidation with periodate. Samples of the solutions ob- 
tained by charcoal chromatography of fraction I (0-5 ml.) 
and fraction ITI (1-0 ml.) were each diluted to 2-8 ml. with 
water. To each were added 0-1 M-sodium acetate buffer, pH 
58 (1-0 ml.) and 0-06m-sodium metaperiodate solution 
(0-2 ml.), and the solutions were kept in the dark at room 
temperature. A control solution containing no phosphoric 
ester was also prepared. Samples (0-1 ml.) were removed at 
intervals, diluted to 4 ml. with water and their periodate 
contents determined spectroscopically. Total phosphate and 
inorganic phosphate were determined in further samples 
(0-2 ml. and 0-5 ml. respectively). Oxidation was complete 
after 67 hr. and no inorganic phosphate was released. The 
ratio periodate consumed: organic phosphate was 2-86: 1 for 
the compound in fraction I (glucosylribitol 1-phosphate) 
and 1-89:1 for the compound in fraction II (glucosylribitol 
2-phosphate). 

Sulphur dioxide was passed through samples (0-8 ml.) of 
the oxidation mixture and the solutions were evaporated to 
dryness. The residues were dissolved in 2N-hydrochloric 
acid (0-2 ml.) and heated at 100° for 24 hr. After evapora- 
tion to dryness over potassium hydroxide the residues were 
dissolved in water and passed through small columns of 
Dowex 50 (H* form) and Dowex 1 (CI form) resins. The 
eluates were examined in solvent A. The 2-phosphate 
(fraction II) gave anhydroribitol and anhydroribitol 5- 
phosphate, whereas the 1-phosphate (fraction I) gave 
neither of these products. 


Glucosylribitol diphosphates 


Periodate oxidation and alkali treatment. A sample 
(5-0 ml.) of the lithium salt solution obtained from fraction 
VII was mixed with 0-2m-sodium acetate buffer, pH 5-8 
(3-0 ml.) and 0-2 M-sodium metaperiodate solution (0-48 ml.), 
and the mixture was kept in the dark at room temperature 
for 67 hr. Ethylene glycol (0-1 ml.) was added and the 
solution was kept in the dark for 1 hr. Ammonia (sp.gr., 
0-88) (0-2 ml.) was added and the solvent was evaporated 
in vacuo. The residue was dissolved in N-sodium hydroxide 
solution (0-3 ml.) and heated for 2 hr. at 100°. The solution 
was passed through a small column of Dowex 50 (NH,+ 
form) resin and applied as a band to a paper strip. The 
chromatogram was developed in solvent B (descending 
front) for 30 hr. Phosphates were detected in an area 
extending for about 5cm. from the origin. These were 
eluted and run as a band in solvent A. In addition to 
inorganic phosphate a ribitol diphosphate (R, 0-12) was 
detected. It was indistinguishable in R, from the ribitol 
diphosphate observed in acid hydrolysates of the teichoic 
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acid from B. subtilis and from a synthetic ribitol diphos- 
phate (prepared by Mr D. A. Applegarth). 

The diphosphate was eluted and a sample was treated 
with 05% purified, salt-free, calf alkaline phosphatase 
solution (Sigma Chemical Co., St Louis, Mo., U.S.A.) in 
0-05 -ethanolamine-hydrochloric acid buffer, pH 9-5, for 
6 hr. at 37°. The solution was passed through smal] columns 
of Dowex 50 (H* form) and Dowex 2 (acetate form) resins, 
and the eluate was evaporated to dryness in vacuo over 
potassium hydroxide. The residue was examined in solvent 
B and only ribitol was detected. 

A sample of the ribitol diphosphate was heated at 100° 
for 24 hr. in 2n-hydrochloric acid. After evaporation over 
potassium hydroxide the residue was examined in solvent A. 
Anhydroribitol and its 5-phosphate were formed. 

Action of alkaline phosphatase. A 0-5% solution of 
alkaline phosphatase in 0-1 mM-ethanolamine—hydrochloric 
acid buffer, pH 9-5 (0-3 ml.) was added to a sample (1-0 ml.) 
of the lithium salt solution from fraction VII and the 
mixture was kept at 37° for 18 hr. The hydrolysate was 
passed through small columns of Dowex 50 (H* form) and 
Dowex 2 (acetate form) resins, and the eluate was evapor- 
ated to dryness in vacuo over potassium hydroxide and then 
examined in solvent B. The main product was glucosyl- 
ribitol, but a small amount of ribitol and a trace of glycerol 
were detected. 


DISCUSSION 


In the earlier work on the ribitol teichoic acid 
from B. subtilis it was shown that the polymer was 
readily hydrolysed by alkali to a mixture composed 
largely of two isomeric 4-0-(8-pD-glucopyranosy])- 
D-ribitol phosphates. Although only preliminary 
evidence for the location of the phosphate groups 
was obtained they were readily removed by the 
action of a phosphatase, and the structure of the 
resulting 4-O-(8-p-glucopyranosyl)-D-ribitol was 
established by chemical and enzymic methods. This 
structure has been confirmed recently by un- 
ambiguous chemical synthesis (Baddiley, Buchanan. 
& Hardy, 1961). In the present work it is shown 
that all the glucosylribitol units in the polymer are 
identical. 

The formation of two phosphates is typical of the 
alkali hydrolysis of phosphodiesters that have a 
hydroxyl group on the carbon atom adjacent to that 
bearing the phosphodiester linkage. The accepted 
mechanism for such hydrolyses requires the inter- 
mediate formation of cyclic phosphates, which 
hydrolyse further to mixtures of isomeric phospho- 
monoesters. The course of the alkali hydrolysis is 
illustrated in Fig. 1; for convenience, the teichoic 
acid (I) is represented as a polymer of only three 
units and alanine residues have been omitted. 

The hydrolysis must be unidirectional, i.e. fission 
of phosphodiester bonds must occur between 
phosphorus and the oxygen attached to the 5- 
position of the ribitol residues. Only in this way is 
it possible to form intermediate 5-membered cyclic 
phosphates. The relative amounts of the different 
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products will be determined by the size of the 
polymer, since glucosylribitol (II) and the diphos- 
phates (V and VI) are only formed from units at 
each end of the chain. With a polymer composed 
of about 9 units, the main products would be the 
isomeric monophosphates (III and IV). 

In the earlier work the mixture of monophos- 
phates (III and IV) was not resolved, but it was 
shown that the two were hydrolysed in part by a 
B-glucosidase to glucose and a mixture of ribitol 1- 
and 2-phosphates. The available glucosidase pre- 
parations contained a phosphomonoesterase, and 
even in the presence of fluoride considerable de- 
phosphorylation occurred. Although the structure 
assigned to the teichoic acid does not depend solely 
on the evidence for the structure of the glucosyl- 
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ribitol monophosphates, it was clearly desirable that 
these compounds should be examined more closely. 
On the other hand, the phosphate groups in com- 
pounds of this type would migrate readily at pH 
values below 4, and conclusions from these studies 
could not be used in discussions on teichoic acid 
structure unless acidic conditions had been avoided 
at all stages in the work. 

The mixture obtained by alkali hydrolysis of the 
teichoic acid was subjected to ion-exchange 
chromatography on a column of Dowex 1 (Cl form) 
resin by using stepwise elution with solutions con- 
taining ammonia, ammonium chloride and sodium 
borate. This method is similar to that developed by 
Khym & Cohn (1953) for the separation of mixtures 
of sugar phosphates. The isomeric monophosphates 
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were readily separated from each other and from 
other hydrolysis products, but no attempt was 
made to develop the procedure for preparative pur- 
poses. The 1-phosphate (III) was eluted before the 
2-phosphate (IV), and the homogeneity of the 
fractions was demonstrated by paper chromato- 
graphy. Salts were removed from appropriate 
fractions by adsorption of the products on charcoal, 
washing with water and elution with 15 % ethanol. 
Unfortunately, partial hydrolysis of the phosphate 
esters occurred during the charcoal treatment and 
the products were contaminated with inorganic 
phosphate and a corresponding amount of glucosyl- 
ribitol. The glucosylribitol was removed by convert- 
ing the phosphates into their lithium salts and pre- 
cipitating them with ethanol. This unexplained 
hydrolysis was not prevented by the use of charcoal 
which had been washed previously with ammonia. 
The extent of hydrolysis was greater than would be 
expected to occur through spontaneous loss of 
phosphate at pH 4 in the same time. 

Both phosphates yielded inorganic phosphate 
and 4-0-(8-D-glucopyranosyl)-p-ribitol (II) on 
treatment with a phosphatase, and on paper 
chromatography in several solvents they were 
almost indistinguishable. In the propan-l-ol— 
ammonia solvent the isomer (II) had a very slightly 
higher R, than had the other. 

The two isomers were distinguished from each 
other by their behaviour towards periodate. That 
which was eluted first from the ion-exchange 
column consumed 3 mol.prop. of periodate for each 
mol.prop. of organically bound phosphorus. After 
removal of excess of periodate the oxidation 
mixture was heated with acid. Under these condi- 
tions, ribitol derivatives give 1:4-anhydroribitol 
which is easily detected by paper chromatography 
(Baddiley, Buchanan & Carss, 1957). No anhydro- 
ribitol was formed in this way from the oxidation 
mixture, and it follows that the ribitol residue in the 
original phosphate had been oxidized by periodate. 
Consequently, the structure (ITT) is assigned to this 
phosphate, since this contains an unsubstituted 
«-glycol in its ribitol residue. 

The isomer which was eluted later from the ion- 
exchange column consumed 2 mol.prop. of periodate 
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for each mol.prop. of organically bound phos- 
phorus. Moreover, acid treatment of the oxidation 
mixture gave a considerable amount of anhydro- 
ribitol, indicating the absence of an «-glycol system 
in the ribitol residue. It follows that this isomer 
must have the structure (IV). 

In the earlier work on the nature of alkali hydro- 
lysis products from the B. subtilis teichoie acid, 
evidence was obtained for the presence of glucosyl- 
ribitol diphosphates in the mixture. These would 
arise from one end of the polymer chain, and were 
assumed to be the 1:5- and 2:5-diphosphates (V 
and VI) arising through the opening of an inter- 
mediate cyclic phosphate. A small broad peak of 
organic phosphates was observed in the later stages 
of development of the ion-exchange chromatogram. 
A part of this peak corresponded to material that 
absorbed ultraviolet light and presumably con- 
tained nucleotides. These arose through hydrolysis 
of the small amount of nucleic acid present in the 
teichoic acid preparation. The rest of the peak 
corresponded to the mixture of diphosphates. The 
later fractions within the peak were free from 
nucleotides, and paper chromatography showed 
that they contained the unresolved mixture of 
diphosphates (V and VI). 

The small amount of diphosphates obtained pre- 
cluded a detailed study, but qualitative oxidation 
experiments with periodate supported the struc- 
tures (V) and (VI). These compounds should behave 
towards periodate in a manner similar to that 
already described for the monophosphates. Thus, 
whereas the ribitol residue in the 1:5-diphosphate 
(V) would be destroyed, that in the 2: 5-diphosphate 
(VI) would survive the oxidation. The presence of a 
periodate-resistant ribitol residue in one of the di- 
phosphates was demonstrated by treating the 
mixture with periodate, removing the excess of 
reagent and adding alkali. It is known that, under 
slightly alkaline conditions, the aldehydic fragments 
from the sugar residues of glycosides become de- 
tached from the oxygen formerly involved in 
glycosidic linkage (Mitra & Perlin, 1957). Con- 
sequently, the isomer (VI) should yield pD-ribitol 
2:5-diphosphate by this procedure. Paper chro- 
matography of the reaction mixture revealed the 
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presence of a compound with the R, expected for a 
ribitol diphosphate and which was converted by hot 
acid into a mixture of inorganic phosphate, an- 
hydroribitol and anhydroribitol phosphate. This 
type of oxidative degradation was first applied 
successfully to a teichoic acid by Dr A. R. Archibald 
(unpublished work) in studies on the ribitol teichoic 
acid from Lactobacillus arabinosus. 

The direct demonstration of a ribitol diphosphate 
amongst the degradation products from the teichoic 
acid from B. subtilis provides strong support for the 
structure (I) for this polymer. This, together with 
the detection of traces of ribitol diphosphates in 
acid hydrolysates (Armstrong e¢ al. 1960), confirms 
the conclusion that ribitol residues are joined 
directly through phosphodiester linkages in the 
polymer. 

The p-alanine residues in teichoic acids are 
attached through their carboxy] groups in unusually 
labile ester linkage with hydroxyl groups. It has 
been shown that in the intracellular glycerol teichoic 
acid from Lactobacillus casei A.T.C.C. 7469 these 
ester linkages involve the 2-hydroxyl group of 
glycerol residues, no sugars being present in this 
compound (Kelemen & Baddiley, 1961). A partial 
solution of the more difficult problem of the 
location of these linkages in the teichoic acid 
from B. subtilis has been achieved by oxidation 
studies. 

If in structure (I) an alanine residue is attached 
to either the 2- or 3-hydroxyl group in each ribitol 
residue, then these ribitol residues would not be 
oxidized by periodate. The presence of unoxidized 
ribitol residues is readily demonstrated by destruc- 
tion of excess of periodate followed by acid treat- 
ment to give anhydroribitol. In fact, the ribitol 
residues in the teichoic acid were oxidized gradually 
with periodate in the absence of buffer. After 60 hr. 
oxidation was almost complete and only a trace of 
anhydroribitol was detected after treatment of the 
product with acid. The rate of destruction was com- 
parable with the rate of spontaneous hydrolysis of 
alanine ester linkages and it is likely that oxidation 


of ribitol residues occurred subsequent to loss of 
alanine. The amount of periodate consumed in this 
experiment was close to the theoretical value of 
3 mol.prop. per mol.prop. of phosphorus. 

More satisfactory results were obtained from a 
similar oxidation in an acetate buffer at pH 5-8. It 
was shown qualitatively that even after 60 hr. in the 
presence of periodate most of the ribitol residues 
were unoxidized. All the ribitol residues were 
oxidized under comparable conditions in a sample 
of this teichoic acid in which the alanine ester 
linkages had been hydrolysed before adding the 
periodate. It follows that as the alanine ester 
linkages protect the ribitol residues from oxidation 
with periodate, they must be associated with the 2- 
or 3-position in these residues, and the structure 
(VII) must represent the ribitol teichoic acid from 
the walls of B. subtilis. The amount of periodate con- 
sumed in the buffered oxidation was unexpectedly 
large for the teichoic acid which bore alanine ester 
linkages, and was larger than the amount con- 
sumed by that which had had the ester linkages 
removed. Under comparable conditions neither 
alanine nor its methyl ester consumed significant 
amounts of periodate. No explanation is offered at 
this stage for this unusual observation. 

The above experiments do not enable a distinc- 
tion to be made between positions 2 and 3 in the 
ribitol residues for the site of the alanine ester 
linkages. Attempts to solve this difficult problem 
would not be worth while on the samples of teichoic 
acid available at present. It is likely that the acidic 
conditions employed during the extraction of 
material from cell walls would bring about migra- 
tion of ester groups between the 2- and 3-positions 
in the ribitol residues. 


SUMMARY 


1. The ribitol teichoic acid from the walls of 
Bacillus subtilis has been hydrolysed with alkali 
and the products were separated by ion-exchange 
chromatography. 
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2. The main hydrolysis products were 4-0-(- 
p-glucopyranosyl)-pD-ribitol 1-phosphate (IIT) and 
its isomeric 2-phosphate (IV). These were separated 
from each other and their structures determined by 
periodate oxidation. 

3. Minor hydrolysis products included the 1:5- 
and 2:5-diphosphates (V and VI) of glucosylribitol. 
The structures assigned to these followed from 
periodate oxidation. The oxidation product from 
the 2:5-diphosphate gave a ribitol diphosphate 
when treated with alkali. 

4. The structure previously suggested for this 
ribitol teichoic acid is confirmed by these studies. 

5. Oxidation of the teichoic acid with buffered 
periodate before and after removal of alanine ester 
residues has shown that the amino acid is attached 
to a hydroxyl at either the 2- or 3-position in the 
ribitol residues. 


We thank the Medical Research Council, the Nuffield 
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Formation of Bence-Jones Protein and Myeloma 
Protein in vitro by the Plasma-Cell Tumour MPC-2 


By BRIGITTE A. ASKONAS anp J. L. FAHEY* 
National Institute for Medical Research, Mill Hill, London, N.W. 7 


(Received 16 December 1960) 


Malignant diseases of plasma cells are associated 
with high concentrations of myeloma proteins in 
the serum or Bence-Jones protein of smaller 
molecular weight in the urine. Both types of 
anomalous proteins are often present in cases of 
multiple myeloma. The origin of these proteins and 
the relationship of the urinary protein to the larger- 
molecular-weight myeloma protein has not been 
certain. Strong evidence has pointed to the 
malignant plasma cells as the sites of synthesis of 
serum myeloma protein. Studies both in vivo 
(Nathans, Fahey & Potter, 1958) and in vitro 
(Askonas, 1961) have shown that the mouse-plasma- 
cell neoplasm 5563 is the site of synthesis of the 
y-myeloma protein found in high concentrations in 
serum of mice bearing the 5563 tumour. Meyer 
(1957) has reported briefly that bone-marrow 

* Present address: National Cancer Institute, National 
Institutes of Health, Bethesda 14, Maryland, U.S.A. 


aspirate from a patient with multiple myeloma 
incorporated radioactive amino acid into the y- 
globulin fraction of urine with solubility character- 
istics of Bence-Jones protein. 

Observations on the Bence-Jones proteins of 
human disease have been reviewed recently by 
Putnam (1960). In general, urinary Bence-Jones 
proteins have about one-third to one-quarter the 
molecular weight of serum myeloma globulins or 
normal y-globulins; they are related immunologic- 
ally to the serum y-globulins and myeloma proteins 
and therefore may represent a portion of the larger 
molecules. This has raised the question whether the 
Bence-Jones proteins are precursor molecules of the 
larger-molecular-weight globulins which accumu- 
late in neoplastic cells. Putnam & Miyake (1958) 
have shown that, after administration of radio- 
active amino acids to patients with multiple 
myeloma, the Bence-Jones protein in the urine 
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became labelled more rapidly than the serum 
myeloma protein. The urinary protein was there- 
fore not derived by breakdown of the serum 
myeloma protein but the incorporation curves were 
consistent with the view that the two proteins 
were formed independently or had a precursor— 
product relationship. 

Recently Fahey & Potter (1959) reported that 
mice carrying plasma-cell tumour line MPC-2 had 
a B-myeloma protein in the serum (So, 6-5) and 
excreted Bence-Jones protein of y-globulin mobility 
(Sao, 3:4) in the urine. Through the kindness of 
Dr Potter we obtained the MPC-2 tumour line; this 
provided us with tissue to study the relationship 
between the synthesis of the small-molecular- 
weight Bence-Jones protein and the serum mye- 
loma protein. The Bence-Jones protein and serum 
myeloma protein were purified by chromatography 
on anion-exchange diethylaminoethylcellulose. In- 
corporation of [14C]amino acids into both myeloma 
protein and Bence-Jones protein by slices of 
tumour tissue was followed at various time intervals. 
The malignant plasma cells appeared to form both 
proteins independently with no evidence for 
Bence-Jones protein as a precursor. In addition, 
the pool of Bence-Jones and myeloma protein 
associated with the tumour tissue was determined 
by means of isotope dilution methods by using 
131T-labelled Bence-Jones and myeloma protein. 


EXPERIMENTAL 


MPC-2 Tumour. BAl1b/e mice carrying the MPC-2 
tumour were sent to us through the kindness of Dr M. 
Potter. The tumour was transplanted subcutaneously into 
the F, generation by means of a trochar, by using 3-4 small 
pieces of tumour, and tumour tissue was utilized for 
experimentation after about 3-4 weeks when the tumour 
had grown to a size of 2-4 g. 

Purification of myeloma protein and Bence-Jones protein. 
Myeloma protein was purified from serum in two steps. 
Serum from mice bearing MPC-2 tumour was concentrated 
threefold and zone electrophoresis was carried out with 
polyvinyl chloride (Geon 425, British Geon Ltd., London, 
W. 1), under the conditions described by Fahey & Horbett 
(1959). The section of the block containing the f-globulin 
region was cut out, and the protein eluted. Material from 
10-15 ml. of serum was pooled and concentrated to 2-3 ml. 
by ultrafiltration (Sober, Gutter, Wyckoff & Peterson, 
1956). Further purification was carried out on columns of 
anion-exchange diethylaminoethylcellulose (DEAE-cellu- 
lose) (Peterson & Sober, 1956). The electrophoretically pre- 
pared f-globulins and myeloma proteins were dialysed 
against 0-04m-potassium phosphate buffer, pH 8, and put 
ona DEAE-cellulose column (5g.),and the myeloma protein 
was obtained by elution with a gradient to 0-4m-potassium 
phosphate pH 8. The system of gradient elution described 
by Fahey & Horbett (1959) was employed. A total volume 
of 150 ml. was used for elution, 95 ml. of initial buffer in a 
cylindrical mixing chamber and 55 ml. of the final buffer in 


a conical reservoir. Fractions of 3 ml. were collected and 
the elution of the protein was followed by measuring the 
extinction of the fractions at 280 mp. Fractions between 
52 and 84% of the effluent volume contained the myeloma 
protein. 

Urine was collected from mice bearing the MPC-2 
neoplasm and concentrated by ultrafiltration 10- to 20- 
fold. The Bence-Jones protein was purified by chromato- 
graphy on DEAE-cellulose columns with gradient elution 
as described above. The starting buffer was 0-01 M-potas- 
sium phosphate, pH 8, and the limit buffer concentration 
was 0-30m-potassium phosphate, pH 8. Bence-Jones 
proteins were eluted between 0 and 30% of the effluent 
volume. The myeloma and Bence-Jones protein fractions, 
obtained by chromatography, were concentrated by ultra- 
filtration, dialysed against 0-99% NaCl—phosphate buffer, 
pH 7-4, and then characterized by immunoelectrophoresis, 
starch-gel electrophoresis (Smithies, 1955) and ultracentri- 
fuging. Some of the analytical results are presented in this 
paper but a detailed characterization, including com- 
parison of fragments obtained by papain digestion, will be 
reported subsequently (B. A. Askonas & J. L. Fahey, in 
preparation). 

Preparation of antisera. Rabbits were immunized with 
Bence-Jones protein or myeloma protein purified as 
described above to obtain specific antisera. The proteins in 
Freund’s adjuvant (Freund & McDermott, 1942) were 
injected intramuscularly into both thighs at 2 weeks’ 
interval. One month later the rabbits received a course of 
five intravenous injections of alum-precipitated protein. 
A total of about 6-8 mg. of protein was given to each rabbit. 
Serum was collected 1-2 weeks later. The intravenous 
course could be repeated after 6-8 weeks to obtain more 
antisera. 

Incubation of tumour tissue. Tumour was sliced with 
scissors into small cubes (about 1-2 mm.) and 300 mg. of 
tissue (wet weight) was incubated at 37° for various time 
intervals in 4 ml. of Hanks (1948) balanced salt medium 
containing the amino acid supplement of Eagle’s (1955) 
medium, 100 units of penicillin and streptomycin/ml. and 
(4Cjamino acids. A hydrolysate of [}4C]algal protein 
(250 c/mg.) obtained from The Radiochemical Centre, 
Amersham, Bucks., was used after purification of the 
amino acids on a Zeo-Karb 225 column as described by 
Askonas (1961). The incubation mixture was gently rocked 
and gassed with O,+CO, (95:5) to maintain the pH at 
about 7-4. After incubation, 20 mg. of non-radioactive 
amino acid was added, the tissue was homogenized in a 
glass homogenizer with a Teflon pestle, and clear super- 
natant containing the Bence-Jones and myeloma protein 
was obtained by centrifuging for 10 min. at 13 000g in the 
cold. 

Isolation of the Bence-Jones and myeloma proteins from 
incubation fluid. The above tumour extract and incubation 
fluid contained small amounts of the two proteins. A large 
amount of nucleoprotein and tissue protein was removed by 
adjusting the extract to pH 5-8, centrifuging off the pre- 
cipitate and re-neutralizing the extract. The myeloma pro- 
tein and Bence-Jones proteins, which remained in solution, 
were subsequently separated by chromatography on small 
columns of DEAE-cellulose (7 cm. x 0-6 cm.). The super- 
natant and adsorbent were equilibrated with 0-01™m- 
potassium phosphate buffer, pH 8, and the protein was 
applied to the column. Elution was effected as follows: 
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(A) 0-01m-potassium phosphate, pH 8 (this permits 
collection of the Bence-Jones protein that is not adsorbed on 
DEAE-cellulose at pH 8) (fraction A); (B) 0-05m-potas- 
sium phosphate, pH 8; (C) 0-4Mm-potassium phosphate, 
pH 8 (fraction C). This last effluent contained the myeloma 
protein. Ten fractions of 2-5 ml. were collected from each 
step. This method of separation and the recovery of protein 
were worked out by using Bence-Jones and myeloma pro- 
teins labelled with 11I (McFarlane, 1958). Most of the 
protein (70-80%) was eluted in the three first fractions 
from the DEAE-cellulose column (Fig. 3, Table 1). Each 
protein was isolated therefore from the pool of the three 
main fractions by precipitation with specific antiserum at 
the equivalence zone. 

Precipitation of Bence-Jones protein in eluate A. Although 
immunization of several rabbits was attempted with 
purified Bence-Jones protein by repeated courses of in- 
jections, the rabbits produced only traces of antibody 
against the Bence-Jones protein. Bence-Jones protein 
strongly cross-reacted with antiserum against a y myeloma 
protein from a different tumour line [neoplasm 5563 
(Potter, Fahey & Pilgrim, 1957)]. Since the amount of 
Bence-Jones protein in the MPC-2 tumour tissue was very 
small, it was co-precipitated with 500 ug. of 5563-myeloma 
protein yielding 3-5 mg. of antibody—antigen precipitate. 
As is shown in Table 1, 90% of the iodinated Bence-Jones 
protein was co-precipitated in this way. 

Precipitation of myeloma protein from eluate C. A con- 
siderable amount of intracellular and extracellular myeloma 
protein was associated with the tumour slices. Since the 
antibody/antigen ratio varied in the presence of excess of 
antibody or antigen, the myeloma protein had to be pre- 
cipitated at equivalence. In each experiment the amount 
of myeloma protein present in a sample of the tumour 
extract was titrated in the presence of traces of }*°I- 
labelled myeloma protein. Samples of eluate C (control 
incubations) were pipetted into a series of tubes and in- 
creasing amounts of antiserum were added. The precipi- 
tates were washed and dissolved in 2-5 ml. of 0-1n-NaOH, 
and the 1*1I content and protein content determined. In 
this way the amount of antiserum needed to precipitate the 
myeloma protein at equivalence point could be determined. 
By this technique 95 % of the 1*1I-labelled myeloma protein 
was precipitated at an antibody/antigen ratio of 8:1 
(Table 3). In the experiments with the [*C]amino acids, 
portions of eluate C were chosen to yield 3-5-4 mg. of 
antibody-antigen precipitate. 
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Determination of radioactivity. The ™I content was 
determined by counting liquid samples (1-3 ml.) in a 
scintillation counter with Nal crystal. In a given experi- 
ment the volume to be counted and size of tubes were kept 
constant to provide comparable data. __ 

The “C-labelled, dried protein powders were counted on 
0-3 cm.? disks at infinite thickness on an automatic re- 
cording Geiger counter with a thin end window to an 
accuracy of +5%. Counts were converted into counts/min./ 
cm.?, 

RESULTS 
Purification and characterization of the 
MPC-2 myeloma and Bence-Jones proteins 


The MPC-2 myeloma protein, which migrates in 
the £-globulin region of serum protein on paper 
electrophoresis (Fahey & Potter, 1959), was 
purified from MPC-2 serum by a combination of 
zone electrophoresis on polyvinyl chloride particle 
(Geon) blocks and chromatography on columns of 
DEAE-cellulose. When gradient elution is em- 
ployed with buffers from 0-04 to 0-40M-potassium 
phosphate, pH 8, most of the f-globulins are 
eluted in the first major peak and the myeloma 
proteins are eluted relatively late in the chromato- 
gram effluent as indicated by the line in Fig. 1. 
MPC-2 myeloma proteins prepared in this way 
were compared by starch-gel electrophoresis with 
normal mouse serum and serum from a mouse with 
the MPC-2 tumour (Plate 1). Ultracentrifuging of 
the MPC-2 myeloma protein revealed a major 
component with a sedimentation constant of 6-4 
at a concentration of 0-5 g./100 ml. in 0-15m-NaCl. 
A small amount of protein, less than 10% of the 
total, was found in a faster-sedimenting peak 
(9-5s). 

The Bence-Jones protein was purified from con- 
centrated urine by chromatography on columns of 
DEAE-cellulose with buffers, pH 8, and a gradient 
from 0-01 to 0-30mM-potassium phosphate. The 
Bence-Jones proteins are eluted very early in the 
chromatogram effluent (Fig. 2), being slightly or 
not at all retarded at 0-01M-potassium phosphate 





Table 1. Reaction of antisera with Bence-Jones protein and myeloma protein 


Antigen added 
A 


Bence-Jones 


MPC-2 myeloma 


Percentage of 
131T-labelled antigen 
+ precipitated by 
antibody (in 


5563 


Antiserum protein protein myeloma protein slight excess) 
R5 (anti-MPC-2 = +* ~ 95 
myeloma protein) 
R5 +* + = 38 
R5 +* - - 10 
R90 (anti-5563 ~ - +* 95 
myeloma protein) 
R90 +* - + 85-93 
R90 +* - ~ 60-70 


* Added proteins had been iodinated with !4I by the method of McFarlane (1958). 
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Fig. 1. Purification of myeloma protein from serum of mice 
bearing MPC-2 neoplasm. The f fraction of the serum was 
prepared by zone electrophoresis before chromatography 
was carried out on DEAE-cellulose columns (Peterson & 
Sober, 1956) as described in the Experimental section. 
Gradient elution with 0-04-0-4m-potassium phosphate 
buffer, pH 8, was used and 3 ml. fractions were collected. 
The line indicates fractions containing the myeloma protein 
(see Plate 1). 
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Fig. 2. Purification of Bence-Jones protein from urine of 
mice bearing MPC-2 neoplasm. Chromatography was 
carried out on a column (1-3 cm. x 10 cm.) of ion-exchange 
DEAE-cellulose (Peterson & Sober, 1956). Urine was 
concentrated about tenfold, and dialysed against the 
starting buffer, 0-01M-potassium phosphate, pH 8. 
Gradient elution was carried out with 0-3m-potassium 
phosphate, pH 8, as described in the Experimental section, 
and 3 ml. fractions were collected. The line on the elution 
pattern indicates fractions containing the heterogeneous 
Bence-Jones protein (see Plate 1). 


concentration. Three Bence-Jones protein com- 
ponents are discernible by anion-exchange cellulose 
chromatography or starch-gel electrophoresis (Fig. 2 
and Plate 1). These components have been shown 
to be very closely related (unpublished observa- 
tions) and in the present study are treated as a 
single group. Ultracentrifuging of the preparation 
gave a single symmetrical boundary with an S49 of 
3-56. Dr Charlwood calculated the molecular 
weight of the main component to be 45 000 by 
using the Archibald method. In addition to the 
ultracentrifugal distinction, the MPC-2 urinary 
protein differs from the serum B-myeloma protein 
by migrating in the y-globulin region on paper 
electrophoresis and in being eluted at relatively low 
ionic strength on DEAE-cellulose chromatography. 
Since the MPC-2 serum myeloma protein requires 
a considerably higher ionic strength for elution 
from DEAE-cellulose, this difference has been 
utilized to separate these two proteins in the bio- 
synthesis studies. 


Recovery of Bence-Jones and myeloma proteins 
after incubation of tumour tissue 


The quality of separation and the recovery of 
individual proteins from the incubation fluid was 
determined by the use of 1*!J-labelled samples of 
previously purified protein. Results of one typical 
experiment are described in detail. 


Chopped tumour tissue (300 mg.) was added to a series of 
flasks containing incubation medium. Four control flasks 
were set up without [?4C]jamino acids; these flasks were 
used to calculate the pool size of myeloma and Bence- 
Jones protein. Control flasks 1 and 2 were frozen im- 
mediately, and flasks 3 and 4 were incubated for 5 hr. and 
then frozen. 1*1J-Labelled myeloma protein (about 0-1 mg.; 
5 pc/mg.) was added to control flasks 2 and 4 and similar 
amounts of 1*1J-labelled Bence-Jones protein were added to 
control flasks 1 and 3. 

Table 2 illustrates the procedures followed to facilitate 
discussion of the results with the 11JI-labelled proteins. 
Sediments I and II carried down 8-10% of the iodinated 
proteins and supernatant II, after dialysis, contained 85- 
90 % of the protein. Fig. 3 shows the distribution of radio- 
activity in the effluent when supernatant IT from flasks 1 
and 2 was chromatographed by a stepwise elution system 
on small DEAE-cellulose anion-exchange columns. The 
upper half of Fig. 3 shows that 90% of the 1*1J-labelled 
Bence-Jones protein is eluted with 0-01 m-phosphate buffer, 
pH 8, and that no Bence-Jones protein is in eluate C. In 
flask 2, to which 11J-labelled myeloma protein had been 
added, 95% of the 1*1-labelled myeloma protein is eluted 
with 0-4m-phosphate in eluate C; eluate A contains no 
131] labelled myeloma protein. The stepwise elution system 
thus was shown to have separated the Bence-Jones and 
myeloma proteins efficiently. In addition, the fractionation 
was highly reproducible and chromatography of super- 
natant IT of flasks 3 and 4 (incubated for 5hr.) gave 
identical patterns. 
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Table 2. Scheme for isolation of myeloma protein and Bence-Jones protein 


Tumour tissue and incubation fluid 
add 20 mg. of non-radioactive amino 
acid, homogenize 


Centrifuge 10 min. 
at 13 000g 





Sediment I 


Supernatant I 
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(discard) 
To pH 5:8 with 

0-2 n-acetic acid 

centrifuge 10 min. at 

1500 g 

Sediment IT Supernatant II (85-90 % of myeloma 
(discard) neutralize and Bence-Jones 
proteins) 
Chromatography on DEAE-cellulose 
Eluate A Eluate B Eluate C 


0-01 M-potassium 


0-04M-potassium phosphate, 
phosphate, pH 8 


0-4M-potassium 
pH 8 (discard) 


phosphate, pH 8 


Bence-Jones protein MPC-2 myeloma 


isolated by coprecipitation 
with 5563 myeloma protein 
and its antiserum (Table 1) 


Overall recovery 55% 





protein isolated by 
precipitation with 
its antiserum 


Overall recovery 
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Fig. 3. Chromatographic separation of myeloma and Bence-Jones proteins after tissue incubation. Myeloma 
protein and Bence-Jones protein were separated by chromatography of supernatant II (see Table 1) on the 
DEAE-cellulose columns by three elution steps with potassium phosphate buffer, pH 8: (A) 0-01m; (B) 0-05m; 
(C) 0-4m. Fractions (2-5 ml.) were collected. (a) 1*4I-Labelled Bence-Jones protein; (6) 1*1I-labelled myeloma 


protein. Brackets indicate recovery of the two proteins from the column. 
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The stepwise elution procedure also concentrated the 
bulk of the proteins into three effluent fractions: 75 % of the 
Bence-Jones protein in eluate A, and 78 % of the myeloma 
protein in eluate C. The three fractions in each eluate were 
pooled and the proteins were isolated from these 7-5 ml. 
pools to avoid an excessive volume for antibody pre- 
cipitation. The myeloma protein was then isolated by 
precipitation with specific antisera, and the Bence-Jones 
protein obtained by co-precipitation with an antigenically 
closely related y myeloma protein as described above. 
Corrections for recovery were made in estimating the 
amount of [C]amino acid incorporated into the two 
proteins. 
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Fig. 4. Incorporation of [4C]jamino acids into serum 
myeloma protein and urinary Bence-Jones protein by 
tumour slices in vitro. ©, Radioactivity of myeloma pro- 
tein precipitate; x , radioactivity of Bence-Jones protein 
precipitate. Minced tumour (300 mg.) was incubated in the 
presence of 2-5uo of [*C]algal protein hydrolysate as 
described in the Experimental section. Equal quantities of 
antibody-antigen precipitates (3-5 mg.) were isolated after 
separation of the myeloma and Bence-Jones protein and 
their specific radioactivities determined. 


Incorporation of [4C]amino acids into myeloma 
protein and Bence-Jones protein 


The procedure outlined above was applied to tumour 
tissue incubated in the presence of [14C]Jamino acids. Five 
flasks containing 300 mg. of chopped tumour were incu- 
bated for various time intervals (0-5 hr.) in the presence of 
[44C]jamino acids. Subsequently Bence-Jones and myeloma 
proteins were isolated as described above and the amount 
of radioactive amino acid incorporated into equivalent 
amounts of antibody-antigen precipitates was determined. 
The Bence-Jones and myeloma proteins obtained for “C 
measurement included the 0-9% NaCl-soluble proteins 
within the cells as well as proteins secreted into the incu- 
bation medium. 


The time curve for incorporation in vitro of 
[4C]amino acid into the two proteins by the tumour 
tissue is shown in Fig. 4. Both Bence-Jones and 
myeloma proteins are formed by the tumour 
tissue. The amount of radioactivity incorporated 
is linear for both proteins over the period of 5 hr. 
investigated. The slopes of the time curves are 
different with no evidence of crossing. This suggests 
that the two proteins are formed independently 
at different rates. 


Pool size of Bence-Jones and myeloma 
proteins associated with tumour tissue 


A known amount of iodinated myeloma or 
Bence-Jones protein had been added to the incu- 
bation flasks to calculate the pool of protein (which 
includes intracellular as well as extracellular 
protein) associated with the tissue by the isotope- 
dilution method. Table 3 shows the specific radio- 
activity (due to ™1I) of antibody—antigen precipi- 
tates when the ™J-labelled proteins are precipi- 
tated with antibody in the absence and in the 
presence of the incubation mixtures after pre- 
liminary purification. The added 1J-labelled 





Table 3. 


Amount of Bence-Jones and myeloma protein associated 


with MPC-2 tumour tissue 


131]-Labelled Bence-Jones protein (0-052 mg.) and 0-09 mg. of 124I-labelled myeloma protein (MPC-2) had been 
added to the incubation fluid containing 300 mg. of tissue. Procedure for isolation of both proteins is described 
in Table 1 and Fig. 3. MPC-2 myeloma protein was precipitated with specific antiserum. Bence-Jones protein 
was precipitated with antiserum to 5563 myeloma protein (Table 2). 


131]-labelled myeloma protein (MPC-2) 

131] labelled myeloma protein—antibody ppt. 

181] -Jabelled myeloma protein—antibody ppt. 
from eluate C (flask 2) 


131]-labelied Bence-Jones protein 
181] -labelled Bence-Jones protein—-antibody ppt. 
Bence-Jones protein—antibody ppt. from 

eluate A (flask 1) 


Specific radio- 


activity due to Antibody— 
131T (counts/mg. of antigen Dilution of 
protein/100 sec.) ratio 131] labelled protein 
2 090 000 — -— 
260 000 8 —- 
20 400 -- 12-7-fold 
2 200 000 ~- -—- 
147 000 15 — 
44 500 — 3-3-fold 
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myeloma protein (0-09 mg.) was diluted 12-7-fold 
by myeloma protein associated with 300 mg. of 
tissue; hence 1 g. of tumour tissue contains about 
3-6 mg. of myeloma protein. Much less Bence- 
Jones protein, however, is found in the tissue. 
181]-Labelled Bence-Jones protein (0-052 mg.) 
added to 300 mg. of tissue was diluted 3-3-fold; 
hence 1 g. of tumour tissue contains about 0-40 mg. 
of Bence-Jones protein, which is about one-ninth 
of the amount of myeloma protein. For this 
determination the ™1I-labelled Bence-Jones protein 
was precipitated directly with antiserum R90 
(anti 5563 myeloma protein, cf. Table 1). 

Similar values per gram of tissue (0-35 mg. for 
Bence-Jones and 3-2 mg. for myeloma protein) are 
obtained when the tissue pools are calculated from 
the amount of antibody-antigen precipitate ob- 
tained (corrected for recovery) by quantitative 
precipitation of the proteins in eluates A and C. 


DISCUSSION 


The results have shown that the urinary Bence- 
Jones protein (mol.wt. 45 000) and the serum B- 
myeloma protein (mol.wt. 160 000) originate in the 
plasma-cell tumour tissue. The progress of in- 
corporation of radioactivity by the tissue into the 
two proteins is linear over the period of 5 hr. The 
incorporation curves have different slopes, but no 
evidence for crossing or a precursor—product 
relationship was found. The proteins isolated for 
radioactivity determination included the Bence- 
Jones and myeloma proteins secreted into the 
medium as well as the material readily extracted 
with 0-9% sodium chloride—phosphate from the 
broken cells. It does not include any of the protein 
still bound to subcellular particles at the site of 
synthesis; so that it can only be stated that the 
readily extractable or extracellular Bence-Jones 
protein is not a precursor of the myeloma protein, 
but it could still be an incomplete part of the 
myeloma protein at the site of synthesis. 

The two proteins are formed at different rates. 
More myeloma protein is synthesized than Bence- 
Jones protein. This agrees with the findings of 
Putnam & Miyake (1958) where up to five times as 
much total radioactivity was incorporated into the 
myeloma protein as into the Bence-Jones protein 
by a patient with multiple myeloma. Since the 
molecular weight of the Bence-Jones protein is 
1/3-5 that of serum myeloma protein, approxi- 
mately two (1:7—2-4) molecules of Bence-Jones 
protein are formed per molecule of myeloma pro- 
tein in the tumour tissue. This is an average of two 
experiments. 

Our results are consistent with the findings of 
Putnam & Hardy (1955) and Putnam & Miyake 
(1958). The kinetic analysis of their data in patients 
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with myeloma suggested that Bence-Jones and 
myeloma protein were formed independently but 
the possibility that Bence-Jones protein was a 
precursor could not be excluded. Osserman, Graff, 
Marshall, Lawlor & Graff (1957) came to the same 
conclusions with similar experiments. The rela- 
tively small amount of Bence-Jones protein ob- 
served by us in the tumour tissue pool, and the fact 
that Bence-Jones protein is not present in serum in 
detectable amounts, explain the high specific 
radioactivity of the urinary Bence-Jones protein 
reported by Putnam & Miyake (1958). The newly 
formed myeloma protein is diluted by all the 
myeloma protein in the tissue pool and the serum 
and would thus be expected to have a much lower 
specific radioactivity than the Bence-Jones pro- 
tein, which is obviously cleared very rapidly from 
the animal by the kidney. 

The question as to whether the Bence-Jones and 
myeloma proteins are formed within the same 
neoplastic plasma cell or whether different plasma 
cells of the MPC-2 tumour line secrete the different 
protein products could not be settled. Originally it 
had been hoped to study this by staining the tissue 
with specific fluorescein-labelled antiserum. How- 
ever, Bence-Jones and MPC-2 myeloma protein 
cross-react immunologically (see Table 1) and it 
therefore has not been possible to study this 
problem by the fluorescent method so far. 

The significance of formation of the small- 
molecular-weight Bence-Jones protein by the 
neoplastic plasma cells of the MPC-2 line and some 
patients with multiple myeloma is not clear. The 
differently sized proteins formed by the plasma cells 
do share antigenic groups but Bence-Jones protein 
has also antigenic groups in common with normal 
mouse y-globulin, not evident in the MPC-2 
myeloma globulin. In addition, myeloma globulin 
has antigenic features not present in Bence-Jones 
protein (J. L. Fahey & B. A. Askonas, to bepublished). 
Similar observations have been recorded for the 
corresponding proteins of human multiple myeloma 
(Korngold & Lipary, 1956; Putnam, 1960). It is 
not clear whether we are dealing with the forma- 
tion of incomplete globulins due to an anomaly in 
protein synthetic ability of the neoplastic cell or 
whether the difference between normal and neo- 
plastic cells is merely a quantitative one. Similar 
findings have been reported, for example, in in- 
vestigations of the thyroid gland. Thyroid neo- 
plasma form a small iodoprotein (S2>), 4) beside the 
thyroglobulin. This was thought to be an ‘abnormal’ 
protein but on further investigation it was found 
that normal thyroid glands also contain a small 
amount of iodoprotein (Sj), 4), and Robbins, Wolff 
& Rall (1959) suggest that the difference between 
normal and cancerous thyroid tissues is quanti- 
tative rather than qualitative. It is possible that 
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we have a similar situation with Bence-Jones and 
myeloma proteins, particularly since Stevenson 
(1960) has reported that Bence-Jones-like proteins 
may be present in normal human urine. 


SUMMARY 


1. The serum myeloma protein and urinary 
Bence-Jones protein of mice carrying the MPC-2 
plasma-cell neoplasm have been purified by chro- 
matography on ion-exchange diethylaminoethy]- 
cellulose and characterized. 

2. The neoplastic plasma cells were found to 
form both proteins. Biosynthesis was studied by 
incubating sliced tumour tissue in vitro and 
following the incorporation of [#4CJamino acids 
into the Bence-Jones protein and myeloma protein 
isolated by chromatography on diethylaminoethyl- 
cellulose and by precipitation with rabbit antisera. 
The time course of incorporation of radioactive 
amino acid into the two proteins is consistent with 
the view that Bence-Jones and myeloma proteins 
were formed independently by the neoplastic 
plasma cells and that neither protein was a pre- 
cursor or breakdown product of the other. Approxi- 
mately two molecules of Bence-Jones protein were 
formed for each molecule of myeloma protein. 

3. The pool of extracellular plus intracellular 
protein associated with MPC-2 tumour tissue was 
determined by isotope-dilution techniques em- 
ploying 1I-labelled Bence-Jones and }*1I-labelled 
myeloma protein. About 3-6mg. of myeloma 
protein and 0-4mg. of Bence-Jones protein were 
found in 1 g. of tumour tissue (wet weight). This 
difference is probably caused by the rapid clearance 
of Bence-Jones protein from the plasma and extra- 
cellular fluid by excretion through the urinary 
tract. 


We are most grateful to Dr M. Potter, National Insti- 
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tutes of Health, Bethesda, for making this investigation 
possible by sending us the MPC-2 tumour line and breeding 
pairs of his BA1b/c mouse strain. We are also most 
indebted to Dr Peter Charlwood for measurements of S,, 
and molecular weights of the protein samples, Mrs Marion 
Perryman for her excellent assistance, and to Dr J. H. 
Humphrey for his advice. 
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Induced Formation of Leucine Decarboxylase in 
Proteus vulgaris 
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The formation of many microbial enzymes is 
directly stimulated or ‘induced’ by the presence of 
the corresponding substrate or some related com- 
pound. Inducers must presumably combine with 
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some specific receptor within the cell in order to 
exert their effects. The earliest and simplest sug- 
gestion was that this receptor was the enzyme 
itself (Yudkin, 1938). If small amounts of an 


enzyme exist in equilibrium with large amounts of 
its precursors a substrate or competitive inhibitor 
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might, by combining with the enzyme, stimulate 
formation of the latter by a direct mass-action 
effect. 

Monod and his co-workers showed that this 
simple theory was not tenable for B-galactosidase 
induction in Escherichia coli (Monod, Cohen- 
Bazire & Cohn, 1951; Cohn & Monod, 1953). 
Certain substrates of that enzyme failed to act as 
inducers, whereas some inducers were considered 
incapable of combination with the enzyme, being 
neither substrates nor inhibitors. They suggested 
that inducers combine with some receptor other 
than the enzyme and that the resulting complex 
has a catalytic role in enzyme formation. This 
‘catalyst theory’ of induction could account for 
the behaviour of other adaptive enzyme systems 
also. 

Proteus possesses an amino acid decarboxylase 
which has been studied in this Laboratory (Ek- 
ladius, King & Sutton, 1957). Leucine, valine, 
norvaline, isoleucine and «-amino-n-butyrate are 
attacked, apparently by a single enzyme. This will 
be referred to as ‘leucine decarboxylase’ since 
leucine is the amino acid most readily attacked. 
Cells grown on a simple synthetic medium contain 
little of the enzyme unless leucine or valine is 
included in the medium. This suggested that the 
enzyme was adaptive, like the amino acid de- 
carboxylases described by Gale (1940), and that 
leucine and valine function as inducers. 

This system offers certain advantages as material 
for investigations on enzyme induction. The several 
known substrates and competitive inhibitors pro- 
vide a range of substances whose potentialities and 
activities as inducers cuuld be compared. The 
Michaelis constants for the substrates are relatively 
high, allowing exposure of the organism to a 
potential inducer at concentrations high enough to 
avoid complete metabolic destruction over a 
reasonable experimental period, yet well below 
that required to saturate the enzyme. In a 
number of cases induction was studied over a 
range of inducer concentrations, and the affinity of 
the inducer-accepting centre determined by appli- 
cation of orthodox kinetic methods. This provided 
the necessary data for deciding whether combina- 
tion of the enzyme with its substrate plays any 
major role in the induction process. 


MATERIALS AND METHODS 


Organism and medium. A laboratory strain of Proteus 
vulgaris was used. For experiments on induced enzyme 
formation a stock culture was used which, 2 years pre- 
viously, had been transferred from broth and maintained 
on synthetic medium. 

The synthetic medium contained: 70% syrupy sodium 
lactate (British Drug Houses Ltd.), 0-8% (v/v); nicotin- 
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amide, 5 wg./ml.; NaCl, 0-5%; (NH,).S0O,, 08%; KH,PO,, 
0:2%; Na,HPO,, 0-2%. The medium was made up in tap 
water and autoclaved for 30 min. at 51b./in.2 The pH 
after autoclaving was 6:8. 

Enzyme preparations. For studies on enzyme induction 
the organism was grown at 37° in Roux bottles containing 
100 ml. of the synthetic medium. When the bacterial 
density reached a value between 0-3 and 0-8 mg. dry wt. of 
bacteria/ml., the cultures were pooled and redistributed in 
80 ml. portions in Roux bottles. An inducer or other 
compound under investigation, or both, was added, dis- 
solved in 20 ml. of 0-1M-KH,PO,-Na,HPO, buffer, pH 7-0. 
Incubation at 37° was continued for 3 hr. unless otherwise 
stated. The cells were then harvested by centrifuging for 
20 min. at 2900 g and washed twice on the centrifuge with 
1% NaCl (80 ml. each time). They were then suspended in 
0-1 m-phosphate buffer, pH 6-0, to a density of about 10 mg. 
dry wt./ml., and the decarboxylase activity was estimated. 
Cell densities were determined with the EEL portable 
colorimeter (Evans Electroselenium Ltd., Harlow, Essex), 
which had been calibrated by direct determinations of 
dry wt. 

For studies on enzyme action cells were grown on 
nutrient broth and washed suspensions were prepared as 
previously described (Ekladius et al. 1957). Cell-free 
extracts were obtained by shaking with glass beads 
(Ballotini no. 12; King & Alexander, 1948) or by crushing 
in the Hughes press at -20° without abrasive (Hughes, 
1951). The extracts were freeze-dried and stored at —10°. 
Before use, a weighed amount of freeze-dried material was 
suspended in buffer, pH 6-0, and centrifuged for 20 min. at 
2400 g, and the sediment discarded. 

Assay of decarboxylase activity. Warburg manometers 
filled with N, were used at 37°. The main compartment of 
the Warburg flasks contained the decarboxylase prepara- 
tion (10-25 mg. dry wt. of cells or an equivalent amount of 
cell-free extract) and the coenzyme, pyridoxal phosphate 
(15 pg.). The substrate was placed in a side arm, and any 
compound to be tested as an inhibitor was placed in a 
second side arm. L-Leucine (175 umoles) was used as sub- 
strate for cell-free enzyme preparations; with intact cells 
however DL-valine (350 umoles) was preferred as, under 
these conditions, it gave linear CO, output more consistently 
over long periods. 

All these substances were in 0-1M-KH,PO,-Na,HPO, 
buffer, pH 6-0, and sufficient of this buffer was added to the 
main compartment to bring the final volume to 3-0 ml. 
Decarboxylation was followed for 40 min. after tipping in 
the substrate. 

In one experiment, when only low enzyme activities were 
expected, decarboxylation was measured by the isotopic 
method of Gale (1957). Conway units contained, in the 
outer compartment, the enzyme preparation (1-0 ml.), 
pyridoxal phosphate (10ug. in 0-2 ml.) and px-[{1-!C]- 
valine (0-4 ml. containing 0-2 m-mole of specific activity 
3yuc/m-mole). In the inner compartment was a planchet 
containing baryta as described by Gale. The units were 
filled with N, to prevent oxidation of the substrate by the 
highly active amino acid oxidase present in Proteus. 
Decarboxylation was allowed to proceed for 30 min. 

Units. Enzyme activity is expressed as Q33, (yl. of CO,/ 
mg. dry wt./hr.). Under the conditions used, there was 
no measurable gas evolution unless a substrate was 
added. 
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Enzyme induction during the standard 3 hr. period is 
expressed as the differential rate of enzyme formation, 
i.e. the increase in total enzyme per unit increase in cell 
mass (Monod, Pappenheimer & Cohen-Bazire, 1952), 
calculated as follows: let dy be initial culture density (mg. 
dry wt. of cells/ml.); d,, density after time ¢; Qp, initial 
enzyme activity (Q33,); Q,, enzyme activity after time ¢. 
Then: Differential rate = (Q,d;—Qod,)/(d;-—do). This 
distinguishes between the effect of a compound on growth 
and its specific effect on enzyme formation. The results 
were corrected for enzyme formation in the absence of an 
exogenous inducer. Since the performance of different 
batches of culture varied slightly, the differential rate 
obtained with 10 mm-t-leucine was usually measured and 
taken as the standard. 

Reagents. Amino acids were obtained from commercial 
sources. With the exception of L-leucine, L-lysine and L- 
isoleucine, DL-compounds were used in preference to L- 
isomers, since the DL-compounds are cheaper and are less 
likely to be contaminated with other amino acids. All 
were chromatographically pure except a cheap grade of 
L-leucine used only in preliminary experiments. DL- 
[1-4C]Valine and pt-[4C]leucine were purchased from The 
Radiochemical Centre, Amersham, Bucks. N-Acetyl-.- 
leucine was synthesized by the method of Synge (1939). 
Pyridoxal phosphate was a generous gift from Roche 
Products Ltd., through the courtesy of Dr A. L. Morrison. 


RESULTS 


Conditions for induced enzyme formation 


When Proteus was grown on the synthetic 
medium and dense, washed suspensions were incu- 
bated with valine in the presence of a source of 
carbon and nitrogen, there was an increase in the 
decarboxylase activity (Table 1). Omission either 
of valine or of the carbon source (lactate) abolished 
this increase in activity, but omission of ammonium 
chloride had no effect. 

The decarboxylase activity induced in these 
washed suspensions was disappointingly low com- 
pared with the Q%, of 8-5 exhibited by cells which 
had been exposed to the inducer during growth on 
the synthetic medium with the addition of 0-5 % of 
DL-valine. If, however, a culture of Proteus was 
allowed to grow on a simple lactate medium and 
an inducer added when growth was established 
but not complete, a few hours’ further incuba- 
tion yielded cells with higher decarboxylase values 
than those obtained in the experiments described 
in Table 1. If the data, given in Table 2, are 
plotted it is seen that the differential rate of 
enzyme formation remained constant for about 
3 hr. but had fallen after 6 hr. to about half its 
initial value. 

Glucose is known to inhibit the synthesis of 
many adaptive enzymes (Gale, 1945). When 
glucose (1%) was added to Proteus cultures to- 
gether with the inducer (10mm-leucine), decarboxyl- 
ase formation was reduced by about 50%. 
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Table 1. Induction of leucine decarboxylase in 
washed suspensions of Proteus vulgaris 


The complete system contained cells (4 mg./ml.), DL- 
valine (100 mm), sodium lactate (1%), NH,Cl (0-:1%), 
pyridoxal phosphate (0-5 yg./ml.), nicotinamide (5 yg./ml.) 
and phosphate buffer, pH 7-0 (0-04m). Flasks containing 
10 ml. were shaken at 37° for 3 hr. The cells were then 
harvested and their decarboxylase activity was deter- 
mined. 


Decarboxylase 

activity 

Conditions (Q33,) 
Complete system 3°8 
Valine omitted 1-2 
Lactate omitted 0-6 
NH,Cl omitted 4-1 
Suspension before incubation 1-0 


Table 2. Induction of leucine decarboxylase in 
growing cultures of Proteus vulgaris 


Roux bottles containing 100 ml. of a culture of Proteus 
on synthetic medium were allowed to grow to a density of 
0-81 mg. dry wt. of cells/ml. Leucine (25 ml.; 2.5%) was 
added at this stage (t = 0) and incubation continued for 
the further period stated. 2:4-Dinitrophenol (1 mm) was 
added to stop induction, the cells were harvested and 
washed, and their decarboxylase activity was determined. 


Induction Culture Decarboxylase 
period density activity 
(hr.) (mg./ml.) (Q86,) 
0 0-81 2-75 
1 0-86 5-6 
2 1-05 8-6 
3 1-16 9-3 
4 1-24 8-7 
5 1-29 11-0 
6 1-32 10-5 





Specificity of the enzyme 

Various compounds structurally related to 
leucine were tested for their ability to act as sub- 
strates or inhibitors of leucine decarboxylase in 
cell-free extracts. Apart from the five amino acids 
already known to be substrates of the enzyme, 
none of the compounds tested were decarboxylated. 
Table 3 shows that «-aminoisobutyrate, «-amino- 
butyrate, lysine, alanine and phenylalanine also 
failed to inhibit the enzyme significantly. N- 
Acetyl-leucine, 7sobutylamine and isovalerate, how- 
ever, inhibited the decarboxylation of leucine: the 
two last-named were shown to be competitive 
inhibitors and might therefore combine with the 
active centre of the enzyme. The nature of the 
N-acetyl-leucine inhibition was not investigated. 

Samson, Katz & Harris (1955) reported that 
fatty acids of the chain length of zsovalerate inhibit 
a number of enzymes, so it was necessary to con- 
sider whether the powerful inhibition of decarboxyl- 
ation was due to a non-specific adsorption to the 
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surface of the enzyme protein. The kinetics of iso- 
valerate inhibition were therefore investigated by 
the method of Lineweaver & Burk (1934). Fig. 1 
shows that inhibition was competitive, the dissoci- 
ation constant (K;) of the enzyme—isovalerate 
complex being 1-8mmM. It is evident that iso- 
valerate can compete with leucine for the sub- 
strate-binding site of the enzyme. Similar experi- 
ments were carried out with n-valerate and n- 
butyrate, valine being used as substrate in the 
latter case. Inhibition was competitive with these 
acids also. The K, values were 2-9mm for n- 
valerate and 17 mm for n-butyrate. 


Table 3. Inhibition of leucine decarboxylase 
by substrate analogues 


L-Leucine (58 mm) and the compound under test (58 mm- 
L-isomer) were added simultaneously or singly to cell- 
free extracts of broth-grown cells. All determinations were 
carried out in duplicate. The mean rate of CO, output in the 
absence of inhibitor was 37 yl./hr./mg. of freeze-dried pre- 
paration, measured over a 40 min. period from addition of 
substrate. 


Inhibition 
of leucine 
decarboxylation 
Compound (%) 

DL-«-Aminoisobutyrate 0 
DL-«-Aminobutyrate 3 
L-Lysine 8 
pL-Alanine 6 
pL-Phenylalanine 3 
tsoButylamine 35 
N-Acetyl-L-leucine 23 
isoValerate 85 
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Specificity of the induction system 
The compounds previously examined for their 
ability to combine with leucine decarboxylase were 
also tested as inducers of the enzyme (Table 4). 
The differential rate of enzyme formation induced 
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Fig. 1. Lineweaver-Burk plot showing competitive in- 
hibition of the decarboxylation of leucine over 40 min. 
period in cell-free extracts. The fatty acid (16-6 mm) and 
L-leucine were added simultaneously to the cell-free 
enzyme. O, No inhibitor; x, n-valerate; A, isovalerate. 





Table 4. Specificity of induction of leucine decarboxylase 


Compounds were tested at a concentration of 10 mm (20 mm for DL compounds) singly and in combination 
with L-leucine at two concentrations (10 and 1 mm). Results are expressed as the differential rate of enzyme 
formation (see Materials and Methods section), taking the rate induced by 10 mm-leucine as 100. The culture 
density increased by about 50% during the 3 hr. incubation period. 


Rate of decarboxylase formation 


With With With 
compound compound + compound + 
Compound only 10 mm-leucine 1 mm-leucine 
None —_ 100 34 
DL-«x-Aminoisobutyrate 5 102 32 
DL-«-Aminobutyrate 4 103 40 
L-Lysine 6 93 26 
pt-Alanine 32 90 68 
pL-Phenylalanine 0 60 14 
isoButylamine 4 — 22* 
n-Acetyl-L-leucine 63 110 83 
isoValerate 2 140 71 
pDL-Valine 72 117 78 
DL-x-Amino-n-butyrate 70 115 83 
L-Isoleucine 41 _- 74 


* In this experiment, 1 mm-leucine alone gave a value of only 22. 
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by leucine itself (10 mm) was 19-2, an average from 
20 experiments. The s.p. of a single determination 
was 2-9, i.e. +15%. This makes it probable that 
the s.E.M. for the values given in Table 4 is about 
+10%, since each is the mean of at least two 
determinations. 

Hach substance was tested: (a) alone, to deter- 
mine its own inducer action, if any, (6) in the 
presence of sufficient leucine (10 mm) to saturate 
the induction system, and (c) at a lower leucine 
concentration (1 mm), known to be well below the 
saturation level. Thus (b) would reveal whether an 
inducer was working through the same mechanism 
as leucine (an additive effect would be observed 
otherwise), whereas (c) offered favourable condi- 
tions for demonstration of competitive inhibition 
of induction. 

«-Aminoisobutyrate, «-aminobutyrate and lysine 
were inactive as inducers, and did not affect in- 
duction by leucine. Alanine, however, which had 
very little affinity for the enzyme, showed consider- 
able activity as an inducer. Presumably it acts 
through the same mechanism as leucine since its 
effect is additive with that of leucine only when the 
latter is present at a sub-saturation level. Of the 
compounds previously found to inhibit the enzyme, 
isobutylamine had no effect on induction, acetyl- 
leucine acted as an inducer, and isovalerate, 
although not itself an inducer, enhanced induction 
by leucine. Phenylalanine, which did not appear 
to combine with the enzyme, was also inactive as an 
inducer. However, when added simultaneously 
with leucine to growing cells, phenylalanine in- 
hibited induction of the enzyme by leucine. 

All the known substrates of the enzyme have 
been shown to induce its formation (Ekladius e¢ al. 
1957). Some are included in Table 4. The differ- 
ential rate of enzyme formation obtained with 
a-amino-n-butyrate was of doubtful significance, 
as this compound almost completely inhibited 
growth, but the average Q(3, induced was 2-4. 
Growth was inhibited slightly by p1-alanine and 
DL-phenylalanine also but not by any other com- 
pound tested. 
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Penetration of the cells 


isoValerate was a potent inhibitor of the cell-free 
enzyme but failed to induce enzyme formation in 
growing cells. Before this was interpreted as a 
difference in specificity between the enzyme and the 
induction system, it was necessary to consider the 
alternative explanation that isovalerate might be 
unable to penetrate the cell. This was investigated 
by examining the effect of csovalerate on the 
decarboxylation of valine by intact cells (Table 5). 
At the concentration used in induction experiments, 
isovalerate caused marked inhibition of decarboxyl- 
ation. This strongly suggests that it can penetrate 
the cells and gain access to the enzyme and there- 
fore, presumably, to the induction system. 

The inhibitory effect of phenylalanine on induc- 
tion could mean that it combines with the induc- 
tion system, forming an inactive complex. Alter- 
natively, it might prevent access of leucine to the 
induction system, e.g. by inhibiting penetration of 
leucine into the cell. This possibility was examined 
by adding pt-phenylalanine (20mm) and L- 
leucine (20 mmo) simultaneously to washed suspen- 
sions of broth-grown Proteus under the usual con- 
ditions of decarboxylase assay. The leucine concen- 
tration was insufficient to saturate the decarboxyl- 
ase system, so a low intracellular leucine concentra- 
tion should have been manifested as a low rate of 
decarboxylation if phenylalanine inhibited entry of 
leucine into the cells. No significant inhibition of 
decarboxylation was observed. 





Table 5. Effect of isovalerate on decarboxylation 
of valine by intact cells 


A washed suspension of broth-grown Proteus was used as 
enzyme preparation. Each flask contained 18-6 mg. of 
cells. Production of CO, was measured over a period of 
40 min. from addition of substrate. 


Substrate Qc3, 
None 1 
pL-Valine (100 mm) 21-8 
isoValerate (10 mm) 1 
Valine (100 mm) +isovalerate (10 mm) 14-3 


(added simultaneously) 





Table 6. Effect of phenylalanine on induction of leucine decarboxylase by alanine 


pt-Alanine (20 mm), with or without pi-phenylalanine (20 mm), was added to Proteus growing on lactate 
medium. The decarboxylase activity of the cells was determined after incubation for 3 hr. 


Culture density (mg./ml.) 
Enzyme activity (Q%3,) 

Differential rate of 
decarboxylase formation 


Final 
Alanine + 
Alanine phenylalanine 
Initial added added 
0-63 0-86 0-73 
1:8 5:7 3-9 
nen 16-4 17-2 
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This experiment was, however, carried out with 
broth-grown cells in buffer, pH 6, under anaerobic 
conditions. Cells growing in a synthetic complex 
medium under aerobic conditions might behave 
differently. The effect of phenylalanine on induc- 
tion by alanine was therefore investigated. 
(Alanine was chosen because it is the inducer that 
least resembles leucine.) Although the decarboxy]l- 
ase activity induced was lower in the presence of 
phenylalanine, this was due to a non-specific 
retardation of growth (Table 6). Phenylalanine 
had no specific effect on the differential rate of 
decarboxylase formation induced by alanine. This 
suggests that phenylalanine does not combine with 
the induction system, but interferes with leucine at 
some other site. 


Affinity of some amino acids for the enzyme 
and for the induction system 


Substrate affinity. The affinity of the decarboxy]l- 
ase for four of its substrates was investigated with 
cell-free extracts of broth-grown cells. The Line- 
weaver—Burk plots were linear and the Michaelis 
constants (K,,) were about 10 mm for each amino 
acid tested (Table 7). 

When an enzyme is present in an intact cell, its 
apparent affinity for its substrate may differ from 
that of the cell-free enzyme. This may be due to 
changes in the enzyme itself during extraction from 
the cell. Another important factor is that the cell 
boundaries may either impede or facilitate the 
entry of substrates into the cell, so leading to 
differences between the intracellular and extra- 
cellular concentrations. The effect of substrate con- 
centration on the rate of decarboxylation by intact 
cells of Proteus was therefore investigated. Line- 
weaver—Burk plots gave apparent Michaelis con- 
stants with leucine, isoleucine and norvaline 
similar to those found with cell-free extracts, sug- 
gesting that the intracellular concentration was in 
each case similar to the extracellular concentration. 
With valine, however, the intact cells gave the 
apparent Michaelis constant as about 30mm, 
suggesting that valine did not enter the cells freely 
and that the intracellular concentration was less 
than the extracellular concentration for the range 
tested. 

Penetration of cells by substrate inducers. In- 
duction takes place within the cell, but the concen- 
tration of inducer can be determined readily only 
in the external medium. The inducer constants 
given in column 3 of Table 7 are a basis for valid 
conclusions only if the intracellular concentrations 
of the inducers in the appropriate experiments 
approximated to those in the external medium. 
Cohen & Rickenberg (1956) have suggested that 
some amino acids may be concentrated within the 
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Table 7. Comparison of apparent dissociation 
constants for the action and induction of leucine 
decarboxylase 


The apparent Michaelis constants for leucine decarboxyl- 
ase were deduced from the data of Figs. 2 and 3. The last 
column gives the apparent dissociation constant of the 
complex formed between an inducer and the site in the cell 
which combines with it, assuming that Michaelis-Menten 
kinetics can be applied (see Figs. 2 and 3). 

, 


Apparent K,, 





a, 
Cell-free Intact Inducer 
Amino extracts cells constants 
acid (mm) (mm) (mm) 

Leucine 9 li 1-1 
Valine ll 30 0-8 
Isoleucine 11 8 1-4 
Norvaline 9 9 = 


cell by specific enzymes or ‘permeases’. Whilst 
neither subscribing to this hypothesis nor rejecting 
it, the present authors recognize the necessity for 
considering it in relation to the system under 
investigation. 

Although the comparison of apparent Michaelis 
constants in intact cells and cell-free extracts, 
described above, does not suggest any concentra- 
tion of substrates within the cell, permease action 
may require the presence of an energy source. 
Manometric determination of decarboxylase ac- 
tivity may not be feasible if other substances are 
being metabolized, so internal concentrations of 
valine and leucine were investigated directly by 
means of isotope-labelled material. 

The organism was grown on nutrient broth (to 
provide opportunity for formation of inducible 
amino acid permeases); washed suspensions were 
prepared and exposed, in the presence of glucose, 
to generally labelled [14C]valine or [*4C]leucine. 
After 10 min. at 37° or 30 min. at 0° the cells were 
centrifuged down at 0°, washed with ice-cold water, 
then suspended in a small volume of water and 
heated to 100° for 3 min. After heating, the sus- 
pension was centrifuged and the radioactivity of 
the supernatants determined (only slight activity 
was found in the extracted cells). The radioactivity 
of the incubation medium was also determined. 

The results are given in Table 8: here it is 
assumed that a cell space of 1 ml. will contain 
0-2 g. dry wt. The intracellular concentrations of 
leucine and valine appear to be below those of the 
external medium. There is little difference between 
the results obtained at 37° and at 0°, where no 
enzymically assisted entry would occur. The 
external substrate concentrations chosen, 10 mm 
and 1 ma, covered the range over which most of the 
induction experiments were performed. 
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Table 8. Uptake of [14C]leucine and [24C]waline by washed cells of Proteus vulgaris in the presence of glucose 


Tubes containing washed cells (30-40 mg. dry wt.), glucose (0-4%), generally labelled [14C]leucine or valine 
(10 mm or 1 mm; 0-50) in a total volume of 5 ml. of KH,PO,-Na,HPO, buffer (0-05m; pH 7) were incubated at 
37° for 10 min. or at 0° for 30 min. Cells were then centrifuged at 0° and extracted by heating at 100° (see text). 
The supernatant medium and cell extracts were assayed for radioactivity in an end-window counter: results are 
corrected to zero thickness and expressed as counts/min./ml. of supernatant medium or cell volume (taken as 


5x dry wt.). 











Leucine 
External concen. 10 mm 1 mM 
ct A ™~ " eps 7 : = - a a 
Incubation conditions 0°/30 min. 37°/10 min. 0°/30 min. 37°/10 min 
Medium 8080 7340 7480 6560 
Cells 1300 1800 1920 2650 
Valine 
External concn. 10 mm 1 mM 
Cae . oO . . 

Incubation conditions 0°/30 min. 37°/10 min. 0°/30 min. 37°/10 min. 
Medium 8280 7850 9140 8500 
Cells 1890 3080 2850 2960 

3 

2 
> 

~ 
1 
0 1 2 
1/[inducer] (mm) 
Fig. 3. Effect of inducer concentrations on decarboxylase | 
0 1 > induction. The units are the same as in Fig. 2. O, L- 


1/[leucine] (mm-*) 


Fig. 2. Effect of L-leucine concentration on decarboxylase 
induction. The differential rate of decarboxylase formation 
(V) is expressed as a fraction of the induction by 10 mm- 
leucine (19-2 units). Each point represents the mean of 
several determinations: the results from a total of eight 
series of experiments are included, and the s.p. of each 
point is indicated. 





These experiments provide no grounds for 
suggesting that the internal cell concentrations of 
valine and leucine significantly exceeded the 
external values under the conditions of the induc- 
tion experiments. 


Isoleucine; @, DL-valine (concentrations given refer to the 
L-isomer). The rate of formation of decarboxylase with 
10 mm-leucine is taken as 1. 


Affinity of the induction system for inducers. The | 
effect of leucine concentration on induction was | 
tested in a preliminary experiment; above a con- 
centration of 20mm, leucine inhibited induction 
slightly, so this was the highest concentration used 
in further experiments. Figs. 2 and 3 show the 
effect of the concentration of leucine, valine and 
isoleucine on induction. The reciprocal plots are 
linear, suggesting that the combination of inducers 
with the induction system obeys Michaelis-Menten 
kinetics. The induction constants, analogous to the 
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Table 9. Effect of alanine concentration 
on induction 


Induction was carried out in the usual way, with pL- 
alanine as inducer. The decarboxylase activity of the 
washed cells was measured by the isotopic method, with 
about 18 mg. of cells per Conway unit. The differential rate 
of decarboxylase formation is expressed as a percentage of 
the rate (7-95) obtained with 20 mm-pt-alanine. During 
the induction period the culture density increased from 
0-72 to 1-01 mg./ml., except at the highest alanine concen- 
tration when the density rose only to 0-97 mg./ml. 


Conen. of = Decarboxylase 
L-alanine formation 
(mm) (%) 
40 70 
20 82 
10 100 
2 47 


Table 10. Disappearance of leucine from cultures 
For details see text. 


Tnitial Amino acid conen. 
L-leucine concn. after 3-5 hr. 
(mM) (mm) 
20 8-6 
10 3-8 
5 1-5 
2 0-5 
1 0-4 
0 0:3 


Michaelis constant of an enzyme, have been given 
in Table 7. 

The effect of alanine concentration on decarboxyl- 
ase formation is shown in Table 9. p1i-Alanine 
concentrations above 20mm appeared to inhibit 
induction. 

The inducers used were metabolized by Proteus 
under the conditions of induction. In the experi- 
ments described above, the concentrations given 
are the initial concentrations and the ‘induction 
constants’ are therefore maximum values. To gain 
some indication of the rate of disappearance of 
leucine, cultures were incubated with various con- 
centrations of leucine under the conditions em- 
ployed in the induction experiments. The initial 
cell density was 0-7 mg./ml. After 3-5 hr. the cells 
were removed by centrifuging and the «-amino 
nitrogen of the supernatants was estimated by the 
method of Van Slyke (1929). Table 10 shows that 
virtually all the leucine disappeared from the 
medium if the initial concentration was 2mm or 
less. 


DISCUSSION 


Decarboxylase activity in cells after exposure to 
an inducer might arise in one of two ways: (a) a 
constitutive decarboxylase might be always pre- 
sent, but be called into action only when an in- 
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ducible permease is formed to concentrate the 
substrate (or possibly the coenzyme) to a level 
which would permit interaction with the apo- 
enzyme; (b) induced formation of the decarboxyl- 
ase itself. Ekladius e¢ al. (1957) found no appre- 
ciable decarboxylase activity, even in the presence 
of excess of coenzyme, when Proteus was grown in 
the absence of an inducer and then mechanically 
disintegrated. When grown in the presence of any of 
five inducers, however, decarboxylase activity 
appeared that was substantially the samd level for 
cell-free extracts as for whole cells, in respect of 
each of five substrates. These findings supported 
the concept of a true inducible decarboxylase. 
Moreover, if permeases had been playing a signifi- 
cant part in the overall decarboxylation process, 
significantly lower apparent Michaelis constants 
would be expected for intact cell as compared with 
cell-free enzyme preparations. This was not the 
case (Table 7). Similar reasoning, applied to the 
measurements of apoenzyme—coenzyme affinities in 
intact cell and cell-free preparations (Ekladius e¢ al. 
1957) would reject the suggestion that the results 
presented here can be explained on the basis of an 
inducible coenzyme permease. 

We therefore considered decarboxylase levels in 
the intact cells under appropriate conditions an 
adequate measure of enzyme activity. Use of cell- 
free extracts at all stages might have been theoreti- 
cally preferable, but would have considerably 
multiplied the technical difficulties, which were 
already formidable. In any case, the experiments 
with [!4C]valine and [!4C]leucine (Table 8) yielded 
no evidence of concentration of these amino acids 
within the cell under the conditions of our induc- 
tion experiments. 

Leucine decarboxylase has many common 
features with the receptor with which the inducers 
combine. Any of the five known substrates will 
induce enzyme formation and their efficiency runs 
roughly parallel with their activity as substrates. 
Ekladius e¢ al. (1957) report the Q¢g, values of 
cell-free extracts of broth-grown cells as follows: 
leucine, 37; valine, 24; norvaline, 23; isoleucine, 
18; «-aminobutyric acid, 13. Induction activity is 
rated both by ourselves (Table 4) and by Ekladius 
in the order leucine, valine, «-aminobutyrate, iso- 
leucine, although Ekladius’s results were obtained 
under different conditions and are not quanti- 
tatively comparable with ours. 

The specificity of the induction system differed, 
however, from that of the enzyme system, as for 
B-galactosidase investigated by Monod et al. (1951). 
Both tsovalerate and isobutylamine are competitive 
inhibitors of leucine decarboxylase and hence, 
presumably, can combine with the substrate- 
binding centre; yet neither can serve as inducer 
although isovalerate could certainly penetrate the 


18-2 





276 


cell. On the other hand, there is good reason to 
believe that the amino acid substrates combine with 
the enzyme through both their carboxyl and amino 
groups (Sutton & King, 1959), and the complexes 
formed between the enzyme and isobutylamine or 
iovalerate may not be strictly comparable with 
those formed with the amino acids themselves. 
isoValerate, however, has the remarkable property 
of potentiating induction by leucine. We do not 
know the mechanism involved. 

Alanine provides a more clear-cut example of the 
difference in specificity between the enzyme and 
induction systems. There is also no permeability 
problem here. It is fairly active as an inducer, 
though apparently unable to combine with the 
enzyme itself as it functions neither as a substrate 
nor as an inhibitor. 

The behaviour of phenylalanine, however, is 
puzzling. It inhibits induction by leucine though it 
does not appear to combine with the enzyme. On 
the other hand, it has no effect on enzyme forma- 
tion when the latter is induced by alanine. Phenyl- 
alanine does not interfere with the penetration of 
leucine into Proteus under our experimental con- 
ditions, so we could exclude competitive inter- 
ference with any ‘permease’ system such as that 
which catalyses entry of leucine into E. coli (Cohen 
& Rickenberg, 1956). Even these authors, how- 
ever, found no interference with leucine entry by 
phenylalanine. The effect of phenylalanine in 
inhibiting induction by leucine but not by alanine 
remains unexplained. 

Determination of the apparent affinities of the 
inducer for the induction receptor is complicated 
by the metabolic removal of the inducers (Table 10). 
It is particularly difficult to ensure reasonably 
constant inducer concentrations throughout the 
3 hr. induction period at low inducer concentra- 
tions when the activity being measured is, in any 
ease, small. The effect, however, would seem to be 
less serious than appears at first sight since the 
reciprocal plots in Figs. 2 and 3 are linear through- 
out the range of inducer concentrations recorded. 
Serious inducer exhaustion at the lower dilutions 
would have yielded plots with a concave form and 
given affinity constants greater than the true 
values. The constants deduced from the plots 
therefore represent maximum values, and it seems 
that leucine, isoleucine and valine have affinities 
for the induction system not less than ten times as 
great as their respective affinities for the enzyme 
itself. Conditions of induction in growing cells are 
admittedly different from those obtaining in the 
cell-free extracts used for the study of enzyme 
action, but induction in cell-free systems has un- 
fortunately not proved possible in this systern. 

Our results, however, accord with those reported 
for other systems. Landman (1957) found the 
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affinity of methyl f-galactoside much lower for 
B-galactosidase than for the induction system for 
that enzyme; Pollock (1957) found that the 
affinity of various substrates and inhibitors for 
penicillinase was 10-100 times smaller than their 
affinity for the corresponding induction system. 
These results all support the view that the re- 
ceptor with which an inducer interacts is not the 
enzyme itself, as was suggested by Yudkin (1938). 

Another important feature of induction is that 
neither the specificity of the enzyme, nor the 
relative rate at which it attacks its various sub- 
strates, is influenced by the nature of the inducer 
employed (Ekladius et al. 1957). Commenting on 
this phenomenon in other systems, Cohn & Monod 
(1953) proposed that all the inducers of a given 
enzyme are metabolized to a common intermediate 
that is the true promoter of enzyme formation. It 
is manifestly unlikely, however, that the amino 
acid inducers of leucine decarboxylase would be 
metabolized to a common primary inducer, al- 
though it is probably true that all combine with the 
same receptor site on the induction system. On 
the other hand, the enzyme-forming activity does 
depend on the inducer employed. Figs. 2 and 3 
show that the theoretical maximum rate of de- 
carboxylase formation attainable even at saturat- 
ing concentrations of inducer is greater with 
leucine than with isoleucine. Similarly, Pollock 
(1957) found greater maximal induction of peni- 
cillinase by cephalosporin C than was obtained 
with other inducers of this enzyme. 

The most remarkable feature of our own investi- 
gations, and of similar studies by other workers 
with different systems, is the paradox of striking 
similarity, yet lack of identity, between the enzyme 
itself and the receptor involved in its induction. 
We were forced to conclusions similar to those 
reached by Monod (1958). The essential feature of 
this concept is that inducers combined with a bound 
form of the enzyme. It would be in accordance 
with current biochemical thought to suggest that 
this might be an alignment of the constituent 
amino acids on the surface of a nucleic acid tem- 
plate. The inducer might then interact with this 
complex in such a manner as to secure its release 
from the template and perhaps influence its folding 
in such a way as to determine, in part, its specifi- 
city (Halvorson, 1960). This mechanism would 
account for the close approximation between the 
specificities of induction and enzyme action, with- 
out requiring precise identity. If the combination 
of the free enzyme with its substrate caused any 
increase in the rate of enzyme synthesis by a 
direct ‘mass-action’ effect this would be a second- 
ary action of the inducer and one which, in the 
case of leucine decarboxylase, does not appear to 
have any significant effect on the overall process. 
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SUMMARY 


1. Proteus vulgaris possesses an inducible leucine 
decarboxylase. The formation of this enzyme was 
dependent on a source of carbon and energy in 
addition to an inducer, and was more rapid and 
extensive in growing cultures than in dense, washed 
suspensions. 

2. A variety of compounds structurally related 
to leucine were tested for their ability to combine 
with the enzyme (acting as substrates or inhibitors) 
and to induce its formation. All the known sub- 
strates were inducers. isoValerate and isobutyl- 
amine, which inhibited the enzyme, could not 
induce its formation, whereas alanine was an 
inducer but was inert in the enzyme system. 

3. Those amino acids which were both substrates 
and inducers of the enzyme showed an affinity for 
the induction system at least ten times as great as 
their affinity for the enzyme. 

4. The induction system closely resembles the 
enzyme system but is distinct from it. This is in 
keeping with the theory that inducers combine 
with a bound form of the enzyme. 

We are grateful to Professor R. A. Morton, F.R.S., for 
his interest in this work. The Medical Research Council 


provided a grant towards expenses and scholarship for one 
of us (B.G.H.). 
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Gaitonde & Richter (1956) have reported that, at 
3hr. after intracisternal injection of [**S]methio- 
nine, about 17% of the radioactivity in the brain 
was found in the trichloroacetic acid-soluble 
fraction, 3 % in the lipids and 80 % in the proteins. 
The specific radioactivities of the three fractions 
gave evidence of a rapid turnover of labelled 
methionine in the proteins. The specific radio- 
activity of the lipid sulphur was low and no 
definite conclusions were drawn as to the metabolic 
activity of this fraction; but it was observed that 
the labelling of lipid sulphur was mainly due to 
small amounts of lipoproteins present in the lipid 
extracts. 

By extracting fresh ox-brain tissue with chloro- 


form-—methanol (2:1, v/v), Folch & Lees (1951) 
obtained a group of lipoproteins which they desig- 
nated as proteolipids because of their solubility in 
lipid solvents. The proteolipid content of the white 
matter was three to four times that of the grey 
matter of the brain. Measurable quantities of 
proteolipids are present in the 7- or 8-day-old 
mouse brain. The proteolipid content of the brain 
increases greatly during the period of myelination, 
and in the 30-day-old mouse it reaches the level in 
the adult brain (Folch, 1954). These results suggest 
a possible significance of proteolipids in relation to 
the formation of myelin. To obtain further infor- 
mation on this point a study has now been made of 
the turnover of the proteolipids of rat brain at 
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various stages of growth. This paper deals with the 
rate of uptake of [*°S]methionine sulphur into the 
proteolipids, proteins and free amino acids of the 
young-adult (42-day-old) rat brain. The extraction 
and fractionation techniques employed by Gaitonde 
& Richter (1955), combined with those of Folch, 
Lees & Sloane-Stanley (1957), have yielded results 
that indicate that the proteolipids turn over at a 
much slower rate than other brain proteins. It was 
also found that the apparent turnover rate of 
methionine in proteins increased with time after 
the injection of [*°S]methionine. 


METHODS 


Experimental animals. Young adult rats of the Wistar 
albino strain raised in the Laboratory were used. In each 
series, 6-week-old litter mates of both sexes, weighing 90— 
168 g. (mean body wt. 99 g.), were injected intraperitoneally 
with 0-25-0-33 ml. of 0-9% NaCl solution containing 0-5- 
0-7 mg. of L-methionine equivalent to a radioactive dose of 
5 uc of *58/100 g. body wt. The animals were denied access 
to food and water during the experimental period. The 
exchange of labelled methionine in vivo was terminated 
after different periods (2 min.—5 hr.) by dropping the whole 
animal, or the head after decapitation, into liquid N,. The 
frozen brain tissue was removed and pulverized as de- 
scribed by Clouet, Gaitonde & Richter (1957). 

Preparation of proteolipid fraction from rat brain. The 
general scheme for the preparation of the fractions de- 
scribed below is given in Fig. 1. 

The frozen pulverized tissue (1-1-2 g.) was quickly 
weighed and extracted with CHCl,-methanol (2:1,v/v; 
19 ml./g. of fresh tissue) at room temperature (Folch e¢ al. 
1957) for 20-30 min. The suspension was centrifuged and 
the clear supernatant solution filtered through Whatman 
no. 30 paper. The tissue residue was re-extracted with 
5-10 ml. of the same solvent and kept for further fraction- 
ation. The combined filtrates contained lipids together 
with non-lipid contaminants. 

The lipid extract (30 ml.) contained *5S-labelled com- 
pounds, which had to be removed before measurements of 
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the specific radioactivity of proteolipids could be made. 
The lipid extract was first washed with a one-fifth volume 
of distilled water as described by Folch et al. (1957), and the 
resulting two phases were separated by centrifuging. The 
upper phase (washing) containing strandin, non-lipid 
contaminants and traces of lipids was siphoned off. The 
lower phase (proteolipids) was washed six times in a 
similar manner with 5-10 ml. portions of the pure upper 
phase of CHCl,—-methanol—-water (8:4:3, by vol.; Folch 
et al. 1957). The washings were collected separately and 
oxidized with HClO,-HNO, for measurement of the 
specific radioactivity. The first washing contained con- 
siderable amounts of 8; to the remaining washings carrier 
sulphate (0-12 mg. of S) was added to obtain a satisfactory 
precipitation of *°S as benzidine sulphate. About 95% of 
the radioactivity removed by all the washings was present 
in the first three washings of the lower phase; a small but 
detectable amount of radioactivity (approximately 1%) 
was extracted in each of the remaining washings. Paper 
chromatography of hydrolysates of the washings showed 
that most of the amino acids were removed in the first two 
washings; only traces of serine, glutamic acid and alanine 
were present in subsequent washings. All lipid extracts 
were, therefore, washed three times with the pure upper 
phase before oxidation to inorganic sulphate. 

Since the upper phase (combined washings of the lipid 
extract) contained free amino acids, salts, strandin and 
traces of lipids, it was dialysed for 24-48 hr. with frequent 
changes of water. The strandin fraction remaining in the 
dialysis bag was hydrolysed and paper-chromatographed 
for its amino acid composition. The dialysate (diffusible 
fraction) was subjected to ion exchange and paper chro- 
matography for the determination of free amino acids. 

Treatment of the lipid-free tissue residue. The tissue 
residue remaining after treatment with CHCl,-methanol 
was immediately suspended in 10 ml. of cold 10 % trichloro- 
acetic acid solution, centrifuged and filtered at room 
temperature. The precipitate was washed again three times 
with the same solution. The combined trichloroacetic acid 
filtrates were washed four times with ether, dried at room 
temperature, and used for paper chromatography or 
oxidized for the determination of specific radioactivity of 8. 
The trichloroacetic acid-insoluble precipitate was desig- 
nated as protein residue. In series 2, the protein residue 
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Fig. 1. Scheme of tissue fractionation. 
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was washed further with 20 ml. of CHCl,—-methanol-HCl 
(200:100:1, Folch & LeBaron, 1953). 

Hydrolysis of samples. Samples containing protein were 
hydrolysed with 6N-HCl by refluxing for 18-24 hr. on a 
hot sand bath or by heating in a sealed tube at 105°. The 
hydrolysate was filtered and dried under reduced pressure. 
The residue was dissolved in water and subjected to ion- 
exchange chromatography as described below. 

Ion-exchange chromatography. To obtain good resolution 
for the identification and quantitative determination of 
amino acids on paper chromatograms, it was desirable to 
remove salts and breakdown products of lipids by using 
ion-exchange resins before two-dimensional chromato- 
graphy of the upper phase, trichloroacetic acid extracts and 
hydrolysates of the samples. A sample representing 1 g. of 
fresh tissue was transferred to a column (0-9 cm. x 15 cm.) 
of Permutit Q (H* form) and washed with 25-30 ml. of 
water. Under these conditions, taurine present in the upper 
phase and in the trichloroacetic acid-soluble fraction was 
obtained in the washings (effluent) of the resin. The amino 
acids were eluted from the column with 50 ml. of n-NH, 
solution followed by 20 ml. of distilled water (eluate). The 
combined eluate was filtered and evaporated to dryness 
at 40-50° under reduced pressure. The residue was dis- 
solved in 10 ml. of water and traces of NH, were removed 
by repeated distillation under reduced pressure. Finally 
the residue was dissolved in 100 yl. of 0-05N-HCl and 50 pl. 
was used for paper chromatography. 

Paper chromatography. Two-dimensional paper chro- 
matography (Dent, 1948) was used for the analysis of 
amino acids in tissue fractions. The chromatograms were 
developed with acetic acid—butan-l-ol-water (1:4:5, by 
vol.; upper phase used) and aqueous 80% (w/w) phenol in 
the presence of traces of NH,. The papers were dried, 
heated and sprayed with 0-5% ninhydrin solution in 
methanol at pH 5-0. The spots were cut, eluted in 5 ml. 
{or more) of 60% (v/v) ethanol and the extinction was 
measured at 570 mp. 

Separation of pruteolipid sulphur from sulphatide sulphur. 
The total washed lower phase containing proteolipids and 
sulphatide was hydrolysed. The hydrolysate was trans- 
ferred to a column of Permutit Q to absorb all amino acids 
including cystine and methionine. The washings (effluent) 
of the resin containing sulphate were designated as sul- 
phatide sulphur and the ammonia eluate of the resin as 
proteolipid sulphur. Both fractions were oxidized for the 
determination of specific radioactivity. 

Separation of cyst(e)ine sulphur from methionine sulphur. 
The observation that under suitable conditions permolybdic 
or performic acid oxidizes methionine quantitatively to its 
sulphone and cystine to cysteic acid (Toennies & Kolb, 
1941; Toennies & Homiller, 1942) has been made the basis 
of a simple and reliable method for the determination of the 
specific radioactivities of the two amino acids in tissue 
proteins. The hydrolysates of proteins (30-80 mg.) were 
dried to a syrupy consistency and treated with 0-5 ml. of 
30% H,O, for 24 hr. at 5°. The contents of the flask were 
warmed on a water bath (50°) for 10 min., diluted with 10— 
15 ml. of water and concentrated at the same temperature 
with a Rinco (rotating vacuum-type evaporator). Under 
these conditions, methionine was oxidized to methionine 
sulphone and cyst(e)ine to cysteic acid. The residue in the 
flask was quantitatively transferred with 2-3 ml. of water 
to a column of Permutit Q prepared as described above. 
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The washings (effluent, 30 ml. of water) of the resin contained 
cysteic acid. Methionine sulphone was eluted from the 
resin with NH;. The separation of methionine sulphone 
from cysteic acid was quantitative. The respective frac- 
tions were concentrated and oxidized for the determination 
of specific radioactivity. : 

Determination of sulphur and radioactivity. Total S and 
its radioactivity were determined as described previously 
(Gaitonde & Richter, 1955). The precipitate of benzidine 
sulphate was collected on a filter paper within a fixed area 
of 2-8 cm.? and radioactivity measured with a modification 
of Robinson’s (1950) windowless gas-flow counter. 


RESULTS 
Isolation of proteolipid and strandin fractions 


The presence of bound amino acids in the strandin 
fraction (upper aqueous phase) of ox brain was 
reported by Folch, Arsove & Meath (1951) and 
Folch & Lees (1959) and in ox-brain mucolipid by 
Rosenberg & Chargaff (1958). This was confirmed 
in rat brain in the present experiments. The 
strandin fraction obtained after dialysis gave no 
ninhydrin-positive spots on paper chromatograms, 
but after hydrolysis showed the presence of large 
amounts of hexosamine and of the following amino 
acids: aspartic acid, glutamic acid, serine, glycine, 
threonine, alanine, valine, leucine and cyst(e)ine. 

Two-dimensional chromatography of the dialy- 
sate (diffusible fraction) showed the presence of 
several free amino acids. Determination of the 
approximate amounts of amino acids in this 
fraction and also in the trichloroacetic acid-soluble 
fraction indicated that mainly neutral amino acids 
were present in the original unwashed chloroform— 
methanol extract. The results of a typical experi- 
ment are given in Table 1. Methionine which was 
detectable only in the dialysate of the upper phase 
could not be measured quantitatively. The total 
amino acid content given in Table 1 is in good 
agreement with the data reported by other workers 
(Ansell & Richter, 1954; Tallan, Moore & Stein, 
1954, 1956; Porcellati & Thompson, 1957; Berl & 
Waelsch, 1958). The lower values for glutamine 
obtained in the present work may be due to partial 
destruction during ion-exchange chromatography. 
B-Alanine (tentatively identified) was detected in 
the upper phase (55%) and in the trichloroacetic 
acid-soluble fraction (45%). The values given for 
histidine, lysine and arginine are given with some 
reserve since these amino acids did not separate on 
the paper chromatograms and were measured 
together. 


Uptake of **S into lipid and non-lipid fractions 

Upper aqueous phase (strandin fraction). The 
initial high specific radioactivity of the upper 
phase (Fig. 2, curve A) indicated that a fair amount 
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Table 1. Amino acid content of the dialysate of the upper phase and the trichloroacetic acid extract of rat brain 


1961 


For details see Methods. Methionine and f-alanine were present in quantities too small to be measured. 


Serine 

Glycine 

Threonine 

a-Alanine 

f-Alanine 

Valine 

Methionine 
Phenylalanine 

Leucine 
y-Aminobutyric acid 
Tyrosine 

Aspartic acid 
Glutamic acid 
Glutamine 
Ethanolamine 

Taurine 

Histidine + lysine + arginine 
N-Acetylaspartic acid* 
Glutathione + cystinet 


pg./g. of fresh brain 


SN, 


Upper Trichloroacetic 
phase acid extract Total 
49-4 89-4 138-8 
57-0 55-5 112-5 
36-2 19-3 55-5 
39-6 13-1 52-7 
++ + +++ 
6-9 2-2 9-1 
+ Not detectable + 
4-5 Not detectable 4:5 
9-9 3-2 13-1 
206-0 54-7 260-7 
5-9 1-9 78 
38-6 342-0 380-6 
329-0 1070-0 1399-0 
262 66-2 328-2 
Trace 42-0 42-0 
63-4 181-5 244-9 
22-6 100-0 122-6 
Lost 432-0 — 
9-8 745 84:3 


* Determined from the aspartic acid formed after hydrolysis of the washings of the cation exchanger. 


+ Expressed as total cystine. 
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10-* x counts/min./mg. of sulphur 





0 1 2 3 4 5 
Time (hr.) 


Fig. 2. Rate of disappearance of free [**S]methionine in 
rat brain after intraperitoneal injection of L-[*5S]methio- 
nine. A, Upper aqueous phase (washings of the lipid 
extract contain [**S]methionine); B, trichloroacetic acid- 
soluble fraction, contains [**S]cystine. C represents the 
specific radioactivity of the total sulphur of the free 
amino acid pool. The values were calculated from those of 
the other two curves as follows: (counts/min. in upper 
phase + counts/min. in trichloroacetic acid extract)/(mg. of 
S in upper phase + mg. of § in trichloroacetic acid extract). 


of **S had passed through the blood-brain barrier. 
The evidence obtained by paper chromatography 
indicated that this fraction contained free methio- 
nine, cyst(e)ine, taurine and other amino acids. 
Most of the radioactivity in this fraction was 
present as free [**S]methionine together with a 
small amount of [**S]cyst(e)ine which was mostly 
present in the form of glutathione. Taurine, which 
accounted for most of the sulphur of the upper 
phase, contained very little radioactivity. The 
total sulphur content of the upper phase was 
approximately 100 yg. of sulphur/g. of fresh tissue, 
and, if all the tissue methionine (12-2 yg./g. of fresh 
tissue; Schurr, Thompson, Henderson, Williams & 
Elvehjem, 1950) were present in the upper phase, 
the true specific radioactivity of methionine would 
be at least 35-40 times higher than that recorded in 
Fig. 2 (curve A). For practical purposes, the ob- 
served specific radioactivity of the upper phase may 
be regarded as approximately proportional to the 
true specific radioactivity of free methionine in the 
pool. The curve, therefore, indicates a rapid dis- 
appearance of free [**S]methionine in the brain. 
At the end of 90 min., the specific radioactivity of 
methionine had declined to 16% of the observed 
maximum value and, during the next 90 min., it 
reached a plateau at 11% of the original value. 
Lower phase (proteolipid fraction). The rate of 
uptake of *S into the washed lipid extract is shown 
in Fig. 3 (curve A). At 12 min. after an intraperi- 
toneal injection of [**S]methionine, a considerable 
amount of radioactivity (1422 counts/min./mg. of S) 
was present in the lipid extract containing proteo- 
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lipids. There was a gradual increase in the amount 
of *§ in this proteolipid fraction over a period of 
5 hr. The slope of the curve suggested that a pro- 
gressive labelling of proteolipids was taking place 
over a long period. These findings are in agreement 
with the view that the proteolipid contains at least 
two components of different turnover rates. 

The washed lower phase contains both proteo- 
lipids and sulphatides (Folch e¢ al. 1957). In order 
to measure the relative rates of incorporation of 
358 into these two fractions, the washed lower phase 
was exhaustively dialysed against water to remove 
any traces of free [**S]methionine and hydrolysed, 
and the specific radioactivity was determined for 
the combined cystine and methionine present in 
the hydrolysate. Any inorganic sulphur formed 
during hydrolysis and derived from sulphatides 
was excluded from the proteolipid protein sulphur. 
Thus it was found that proteolipids were labelled 
as early as 2-5 min. after injection of [**S]methio- 
nine (Fig. 3, curve B), but little or no radioactivity 
was detected in the sulphatide fraction during the 
2-60 min. period. 


Uptake of *°S into the lipid-free tissue residue 


The residue remaining after the extraction of 
lipids contained most of the tissue proteins. In 
order to complete the removal of acid-soluble 
sulphur-containing compounds, this protein residue 
was extracted with trichloroacetic acid. 


10-8 x counts/min./mg. of sulphur 





0 1 2 3 4 5 


Time (hr.) 


Fig. 3. Rate of uptake of [*5S]methionine and [**S]cystine 
into proteolipids of rat brain after injection of L-[**S]- 
methionine. A, Washed lipid extract (proteolipid); B, 
[*5S]eystine +[*5S]methionine of washed proteolipid after 
dialysis to remove free [**S]methionine. 
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Trichloroacetic acid-soluble fraction. This fraction 
contained 65-70 % of the total acid-soluble sulphur 
together with other free amino acids: paper-chro- 
matographic evidence (Table 1) suggested that 
cystine (90%) and taurine (74%) accounted for 
most of the sulphur in this fraction. The radio- 
activity in this fraction was mainly due to [*5S]- 
cyst(e)ine. Although the presence of taurine 
sulphur of low specific radioactivity would greatly 
decrease the true specific radioactivity pf cystine 
sulphur, the specific-radioactivity—time relation of 
this fraction (Fig. 2, curve B) may be considered as 
an index of the rate of formation of cystine from 
methionine. A rapid fall in the specific radio- 
activity of lipid washings (methionine, curve A), 
concomitant with a gradual increase in the specific 
radioactivity of trichloroacetic acid-soluble fraction 
(cystine, curve B), is in agreement with the previous 
observation of a rapid methionine metabolism 
(Gaitonde & Richter, 1957). 

Protein residue. The sharp increase in the specific 
radioactivity of the protein sulphur during the 
first 30 min. (Fig. 4, curve A) was in agreement 
with the previous observations that the injected 
[*°S]methionine was rapidly incorporated into the 
brain proteins. After the initial 30 min., the rate of 
incorporation of **S into proteins decreased con- 
siderably, but it seemed to proceed linearly with 
time. Thus the shape of the curve A suggested that 
358 of two different specific radioactivities was being 


10-* x counts/min./mg. of sulphur 





0 10 20 30 40 50 60 
Time (min.) 


Fig. 4. Rate of uptake of [*5S]methionine and [**S]cystine 
into the protein residue of rat brain. A, Total sulphur of 
protein residue; B, methionine of protein; C, cystine of 
protein. 
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incorporated into proteins. The biphasic nature of 
incorporation of *°S into proteins is consistent with 
the observed changes of specific radioactivities of 
the free methionine and free cyst(e)ine fractions 
(Fig. 2, curves A and B). Thus the rapid uptake of 
358 during the first half hour was mainly due to 
incorporation of [**S]methionine. The subsequent 
reduction in the rate of uptake indicated that 
labelled methionine in proteins was being diluted 
by incorporation of methionine of lower specific 
radioactivity. However, any dilution of *S in 
proteins was gradually being counterbalanced by 
incorporation of [**S]cystine with a specific radio- 
activity considerably lower than that of methio- 
nine. 

Rate of incorporation of methionine and cystine 
into proteins. The specific radioactivity of methio- 
nine and cystine combined into brain proteins 
reached a maximum at 30 min. (Fig. 4). 

Since brain proteins contain 4-37 mg. of methio- 
nine sulphur and 4:26 mg. of cystine sulphur/g. of 
protein (M. K. Gaitonde, unpublished observation) 
the data on the specific radioactivities of protein- 
bound cystine and methionine (Table 2) indicated 
that during the first 60 min. after injection of 
[5S]methionine about 16-20% of the total radio- 
activity in proteins was present as [**S]cystine. 

The apparent specific radioactivities of free 
methionine and free cyst(e)ine at different times 
after injection of [**S]methionine were obtained 
from the specific radioactivities of the upper phase 
(free methionine fraction) and the trichloroacetic 
acid-soluble fraction [free cyst(e)ine fraction] by 
assuming that the bulk of the tissue sulphur due to 
taurine, which is metabolically less active than 
that of methionine and cyst(e)ine, was equally 
distributed between the two fractions. Thus the 
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apparent turnover rate of the two amino acids in 
brain proteins may be calculated from: S,K/ 
S;,t x 60 x 1000 umoles of amino acid/g. of protein/ 
hr., where S, and S, are the specific radioactivities 
of methionine or cyst(e)ine in the protein and in the 
free amino acid pool, K is mg. of sulphur of the 
amino acid/g. of protein, and ¢, time of exchange in 
minutes. The apparent turnover rates given in 
Table 2 would imply that methionine was in- 
corporated into the brain proteins at an increasing 
rate. In contrast, the apparent turnover rate of 
[**S]eyst(e)ine, which was as high as that of 
methionine at 7 min. in the first series and higher at 
5 min. in the second series, decreased with the time 
of exchange. 


DISCUSSION 


The method of Folch et al. (1957) was used for 
the preparation and purification of proteolipids 
labelled in vivo. This resulted in the separation of 
the free sulphur-compounds into two fractions. 
The upper-phase (washings) of the chloroform-— 
methanol extract contained approximately 30% of 
the total free sulphur compounds and most of the 
free methionine of the tissue was found in this 
fraction. The rest of the soluble sulphur com- 
pounds which were extracted from the tissue 
residue with trichloroacetic acid contained most of 
the labelled cyst(e)ine. The specific radioactivities 
of the free methionine and free cyst(e)ine in the 
two fractions were masked (see curve C, Fig. 2) by 
the presence of considerable amounts of other 
sulphur compounds and especially taurine of low 
specific radioactivity. 

The specific radioactivity of the free methionine 
(upper phase) of the brain reached a maximum 
value within 12min. after the intraperitoneal 





Table 2. 


Apparent rates of turnover of methionine and cystine in brain proteins 


Rats were injected intraperitoneally with 5 uc of L-[*S]methionine/100 g. body wt. In series 2, proteins were 
washed further with acidified chloroform—methanol mixture. 


Specific radioactivity 


Time after 


of protein-bound 


Apparent turnover rate 
A 


tern re ee = ez \ 
injection Methionine Cystine Methionine Cystine 
(min.) (counts/min./mg. of 8) (umoles/g. of protein/hr.) 
Series 1 
7 1 600 260 107 97 
10 1 740 280 86 55 
20 6 390 870 195 53 
33 13 100 1 760 319 49 
60 13 500 2 270 307 31 
Series 2 
5 380 90 35 72 
10 1 390 270 69 54 
21 3 390 730 101 41 
30 6 080 1 040 152 32 
60 10 200 2 270 232 31 
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injection and thereafter it decreased rapidly with 
time: it showed a 50% decrease between 12 and 
32 min. after injection and in 3 hr. reached a value 
of 19% of the maximal value. Similar rates of 
disappearance of *S from the non-protein super- 
natant fraction of brain homogenate have been 
recently reported by Clouet & Richter (1959) in 
rats that had received [**S]methionine by intra- 
cisternal injection. These findings suggest that 
although an initially higher rate of incorporation of 
358 is obtained after intracisternal injection, the 
rate of disappearance of free methionine is inde- 
pendent of the route of administration. 

The specific radioactivity of cystine present in 
the trichloroacetic acid-soluble fraction depends on 
the rate of demethylation of [**S]methionine in the 
brain and on the permeability of the blood—brain 
barrier to [*S]eyst(e)ine and [*S]glutathione 
formed in other tissues by the same process. The 
precursor—product relationship is well illustrated 
(Fig. 2 and Table 2) by a decrease in the specific 
radioactivity of the free methionine fraction and an 
increase in the specific radioactivity of the cystine 
fraction. In 90min. the [*S]methionine had 
attained a steady state. Under these conditions, 
the specific radioactivity of cystine increases at a 
rate directly proportional to the rate of turnover of 
[*5S]methionine in the proteins. 

In a previous investigation the rate of incorpora- 
tion of *§ into proteolipids was measured in lipid 
extracts obtained by extracting the trichloroacetic 
acid-insoluble tissue residue with acetone, chloro- 
form-ethanol and ether (Gaitonde & Richter, 
1955). In the present investigation, proteolipids 
were prepared by dispersing the fresh tissue in 
chloroform—methanol (2:1, v/v) and washing with 
a one-fifth volume of water (Folch et al. 1957). The 
washed proteolipid extract contained considerable 
radioactivity, which could be removed by dialysis. 
The nature of this dialysable *°S is not known, but 
there is evidence that the specific radioactivity of 
the dialysable *°S is closely related to that of the 
free methionine. Thus in experiments of short 
duration, when the specific radioactivity of free 
methionine (the upper phase) was very high, it was 
necessary for the washed proteolipids to be further 
dialysed before measuring their specific radio- 
activity. In both investigations it was found that 
the *5§ in the lipid fraction was due mainly to [*°S]- 
methionine and [*S]cystine combined in the 
proteolipids. The specific radioactivity of lipid 
extracts obtained by the previous method was 
approximately 28 % of that of the protein residue, 
whereas in the present work it was only 13%. 
Unlike the washed lipid extracts used in this in- 
vestigation, the previous lipid extracts contained 
strandin and probably phosphatido-peptides (Folch 
& LeBaron, 1953) which might be released in 
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organic solvents through the action of trichloro- 
acetic acid. Preliminary experiments have indi- 
cated marked quantitative differences in aspartic 
acid, glutamic acid, methionine and basic amino 
acids of the ‘proteolipids’ extracted by the two 
procedures. Since no methionine has been detected 
in phosphatido-peptides (Folch, 1952) or in 
strandin, it is likely that the higher uptake of *S 
into the lipids prepared by the earlier method was 
due to their containing additional proteins of higher 
specific radioactivity. 

The interpretation of the turnover rates ob- 
tained for the proteolipids and residual tissue 
proteins is difficult in view of the heterogeneity of 
the tissue proteins and also because of the possi- 
bility that their precursor pools in vivo might vary 
widely in their specific radioactivity. The specific 
radioactivity of proteolipids from 3 to 72 hr. after 
injection was about one-fifth of that of the residual 
tissue proteins. These results are consistent with 
the view that the proteolipids as a group turn over 
at a slower rate than the other tissue proteins and 
agree with previous conclusions (Clouet & Richter, 
1959; Davison & Dobbing, 1959; Furst, Lajtha & 
Waelsch, 1958). 

The change in the apparent turnover rate of 
methionine with time of exchange observed in the 
present investigation may be attributed to the 
fact that the brain contains proteins that differ in 
their metabolic activity. Since proteins with rapid 
turnover will be labelled faster than those with low 
turnover, the observed turnover rates of methionine 
will gradually increase with time. The results 
might also be explained on the basis that labelled 
intermediates are formed before [**S]methionine is 
incorporated into the proteins. With [*5S]eyst(e)ine 
that is formed in vivo by demethylation of methio- 
nine, the labelling of proteins will depend also on 
(a) the rate at which [**S]cystine is formed from the 
injected [**S]methionine, (b) the rate at which 
[®*S]eyst(e)ine is utilized for the synthesis of 
glutathione, and (c) the rate of oxidation of 
[**S]eyst(e)ine to [**S]cysteic acid and [**S]taurine. 
In view of the high turnover rates of [*°S]eyst(e)ine 
observed during the first 5-7 min., it appeared 
unlikely that the rate of demethylation was 
limiting the rate of incorporation of [**S]eyst(e)ine 
into proteins. The interpretation of the observed 
decrease with time of the turnover rates of [*5S]- 
cyst(e)ine in proteins is complicated by the fact 
that the trichloroacetic acid-soluble fraction ob- 
tained in the present work contained 90% of free 
cyst(e)ine and glutathione together with 75% of 
the total [*5S]taurine in the free pool. Hence the 
calculated turnover rates of cyst(e)ine are valid 
only in the early periods when the radioactivity due 
to [*S]glutathione, [*Sleysteic acid and [*S]- 
taurine in the trichloroacetic acid-soluble fraction 
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was relatively small. With increase in time of 
exchange, the specific radioactivity of the trichloro- 
acetic acid-soluble fraction will no longer remain 
proportional to the true specific radioactivity of 
free cyst(e)ine, and therefore, it cannot be used for 
calculation of turnover rates. 


SUMMARY 


1. Measurements were made of the labelling of 
fractions containing (a) proteolipid, (b) other 
protein and (c) free amino acids of the rat brain 
after administering t-[**S}methionine in vivo. 

2. The rate of incorporation of **S into the pro- 
teolipids was much lower than the rate of in- 
corporation into the other proteins. The radio- 
activity of the lipid fraction was present mainly in 
the amino acids of the protein component of the 
proteolipids; the radioactivity in the sulphatide 
fraction was relatively small. 

3. A comparison of the apparent turnover rates 
of [*S]methionine and [*S]cystine into brain 
proteins at short intervals after injection of [**S]- 
methionine suggested that demethylation of [*5S]- 
methionine was probably not limiting the rate of 
incorporation of [**S]cystine. 

4. The apparent turnover rate of [*S]methionine 
into brain proteins increased with time of ex- 
change of the injected [**S]methionine. The signifi- 
cance of this observation has been discussed. 

I am indebted to Dr Jordi Folch for his interest and 
encouragement during the course of this work. I also wish 
to thank him and Dr Derek Richter for their valuable 
suggestions in the preparation of the manuscript. Thanks 
are also due to Miss June Bellotti for her technical assist- 
ance. This work was supported by a grant from the Ford 
Foundation. 
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Substituted celluloses are now in widespread use 
for the chromatography of protein, the most 


common being diethylaminoethylcellulose and 


carboxymethylcellulose (Sober & Peterson, 1956), 
and numerous applications to serum proteins have 
been described (for a review see Sober & Peterson, 


1958). However, chromatography of serum pro- 
teins on diethylaminoethylcellulose so far de- 
scribed has failed to resolve them into components 
homogeneous even as judged by the relatively 
simple criterion of paper electrophoresis (Sober & 
Peterson, 1956; Fahey, McCoy & Goulian, 1958). 
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Similar results have been obtained with carboxy- 
methylcellulose (Cooke, Tombs, Souter, Weston & 
Maclagan, 1959). 

The detailed electrophoretic analysis of chro- 
matographic fractions (Fahey et al. 1958) has 
shown that, whereas both the «- and £-globulins are 
resolved into a number of subfractions on diethyl- 
aminoethylcellulose columns, the «-globulin sub- 
fractions are not separated from those of the f- 
globulins. Cooke et al. (1959) showed the utility of 
ammonium sulphate fractionation followed by 
diethylaminoethyleellulose chromatography for 
separation of the more soluble proteins, but indi- 
cated that the less soluble «- and £-globulins were 
poorly resolved. Alternating chromatography on 
carboxymethyl- and diethylaminoethyl-cellulose 
has found some application, but suffers from prac- 
tical difficulties which restrict its use for serum 
protein. It appeared, therefore, that a preliminary 
electrophoretic separation combined with column 
chromatography might provide the best approach 
to the fractionation of the serum proteins, and we 
present here the results of the chromatographic 
analysis of protein fractions obtained by starch- 
grain electrophoresis. 

Although 280my is the wavelength usually 
chosen for the estimation of protein in chromato- 
graphic eluates, the use of a wavelength of 210 my 
permits the detection of much smaller quantities of 
protein (Tombs, Souter & Maclagan, 1959). By 
scanning the eluate at this wavelength the chro- 
matographic analysis of the fractions obtained by 
the paper electrophoresis of 0-2 ml. of serum was 
feasible. 


MATERIALS AND METHODS 


Serum. Blood was drawn in 50 ml. batches from normal 
subjects by venipuncture and immediately clotted with 
thrombin. This proved to be the best way of avoiding 
haemolysis. 

Analytical electrophoresis. Paper electrophoresis was 
performed in borate buffers (13-2 g. of sodium tetraborate 
and 6-99 g. of boric acid/l.; J 0-075; pH 8-3) in a vertical 
tank. It was important to avoid veronal buffers where a 
paper electrophoresis run was to be followed by chromato- 
graphy as veronal buffers absorb strongly at 210 mp. 
Immunoelectrophoresis was carried out in agar by a slight 
modification of the method of Scheidegger (1955), applying 
approximately 5 yl. of solution to each well. A horse anti- 
human serum (Institut Pasteur, Paris) was used. Lipo- 
proteins were detected by staining with oil-red O, and 
haemoglobin or haematin-combining proteins by staining 
with benzidine. The same anti-serum and agar as were used 
for immunoelectrophoresis were used for Ouchterlony 
plate diffusions. The results shown in the figures were ob- 
tained by tracing a projection of the stained slides. 

Preparative electrophoresis. Of several methods tried, the 
most successful, and that finally adopted, was electro- 
phoresis on starch grains (Kunkel, 1954). A slab /40 cm. x 
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14 cm. x 2 cm.) of washed starch (British Drug Houses Ltd. ; 
laboratory-reagent grade), twice washed and finally sus- 
pended in borate buffer (J 0-075; pH 8-3) was held between 
cooling tanks through which aqueous ethylene glycol 
coolant at —2° was circulated. With a potential gradient of 
5v/cm. along the slab and a current of 150 ma the tempera- 
ture never rose above 10° and the electrophoretic run was 
completed in 6-7 hr. Each slab (holding 10-15 ml. of 
serum) was sectioned after electrophoresis, by using the 
coloured zones as a guide, into albumin (yellow), «,- (blue 
due to caeruloplasmin), B- (pink due to siderophilin) and 
y-globulins (these lie behind the sample slot). 7 

Protein was eluted from each section, usually with the 
chromatography equilibration buffer, by packing the 
starch into a column fitted with a sintered-glass disk and 
applying gentle suction. The fractions were then checked 
for homogeneity by paper electrophoresis. The «,-globulin 
always contained a small amount of albumin and the 
albumin fraction some «,- and «,-globulins. Haemolysed 
serum failed to give a satisfactory separation. 

Column chromatography. Diethylaminoethylcellulose 
(DEAE-cellulose) and carboxymethylcellulose (CM-cellu- 
lose) were prepared according to Sober & Peterson (1956). 
Solka Floc SW 40B, sieved through 100 mesh, was used for 
DEAE- and Solka Floc BW 200 for CM-cellulose. Solka 
Flocs are manufactured by the Brown Corp., Berlin, N.H., 
U.S.A. BW 200 was obtained through V. A. Howe Lid., 
46 Pembridge Road, London, W. 11, and SW 40B was a 
gift from Imperial Chemical Industries Ltd., Nobel 
Division, Manchester. 

Columns were packed under air pressure, though it was 
important not to apply pressure until the column material 
had settled, otherwise sintered disks became clogged. The 
pressure required for optimum flow rates depended upon 
the batch of column material used. Usually 5 lb./in.? gave 
adequate flow rates. Increasing the pressure above about 
7 lb./in.? decreased flow rates. Before packing, the column 
material was almost equilibrated with the appropriate 
buffer by dialysis. Final equilibration was then carried out 
by running buffer through from the reservoir A (Fig. 1) 
until the pH of the effluent was the same as that of the in- 
flow. The general arrangement of the column is shown in 
Fig. 1. Protein solutions, previously equilibrated by 
dialysis with the same buffer, were then carefully applied to 
the top of the column and allowed to run in under gravity, 
or driven in under pressure if the volume was exceptionally 
large (over 50 ml.). The volume of applied solution had no 
effect on subsequent results. Elution was then carried out, 
either stepwise with reservoir A or by gradient. The gradient 
arrangement shown used two flasks B and C, connected by 
a syphon so that the levels always remained constant. The 
cone-sphere system gives concave gradients which are 
particularly suitable for DEAE-cellulose (Fahey e¢ al. 1958). 
The end of the syphon in C was deflected to prevent 
troublesome suction effects from the magnetic stirrer. 
Small variations in the gradient could be achieved by 
raising or lowering flask B relative to C. Replacement of C 
by @ conical flask gave linear gradients suitable for CM- 
cellulose. The pH of the effluent was measured (with a Pye 
Dynacap pH meter) in most runs to ensure that undue 
random variation of the gradient did not occur. Flow rates 
were of the order of 100-200 ml./hr. Variation of flow rates 
had virtually no effect on results (cf. Sober & Peterson, 1958). 
Recoveries of u.v. absorption were in the range 95-105 %. 











286 M. P. TOMBS, K. B. COOKE, D. 
~ Air 
pressure 
Magnetic — 
stirrer 


Column 


Water 
reservoir 





To scanner 


Fig. 1. General arrangement of the column and gradient 
apparatus (for details see text). 


Analysis of effluents. Protein in the effluent was deter- 
mined from the u.v. absorption, either at 210 or 280 mp. 
Measurements at 210 mp were made with a Hilger Uvispek 
spectrophotometer on 6 ml. fractions. At 280mp an 
automatic scanner measuring continuously on the column 
effluent was used. This apparatus is a development of that 
described by Cooke et al. (1959) and will be reported in 
detail elsewhere. 

Concentration of effluent. Effluent fractions were pooled 
after inspection of the record and were concentrated before 
immunoelectrophoresis. Dialysis against polyethylene 
glycol (mol.wt. 20000), polyvinylpyrrolidone (British 
Oxygen Co. Ltd.) and evaporation of water through a 
dialysis sac in a current of air at 4° (perevaporation) were 
tried as methods of concentration. The possible effect of 
contamination by polyethylene glycol and polyvinyl- 
pyrrolidone was investigated by an adaption of immuno- 
electrophoresis with solutions of polyethylene glycol or 
polyvinylpyrrolidone in the central trough instead of 
anti-serum. Heavy turbidity occurred in the «,-globulin 
region with polyvinylpyrrolidone, but none could be 
detected with polyethylene glycol. This confirmed our 
previous impressions that polyvinylpyrrolidone could not 
be safely used because it caused precipitation of «-globulins. 
Polyethylene glycol also contaminated the fractions during 
dialysis, and although it did not affect subsequent electro- 
phoresis it did interfere with chemical characterization. 
Perevaporation (although much slower) was therefore used 
in all the experiments described here. All concentrations 
were carried out at 4° and thereafter most of the salts 
remaining in the dialysis sacs were removed by dialysis 
against water. Turbidity frequently developed during con- 
centration and in some cases the proteins could not be 
redissolved. The degree of concentration was varied in 
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order to achieve a suitable final protein concentration 
(about 1-3 %). 


RESULTS 


Figs. 3-6 show the results of DEAE-cellulose 
chromatography of fractions obtained by starch- 
grain electrophoresis. Fig. 2 shows the result 
obtained with whole serum with the same gradient 
and column as for the fractions. It should be added 
that since the degree of concentration varied for 
different fractions, the immunoelectrophoresis 
diagrams are not quantitatively comparable, and 
only describe the qualitative composition of the 
fraction. The areas on the chromatogram give, 
however, a rough quantitative estimate of the 
different fractions. The proportion of the applied 
protein eluted in each fraction, obtained by area 
analysis, is shown in each figure. In calculating 
these values it has been assumed that all globulins 
have the same specific absorption at 280 mp and 
that albumin has an absorption half that of 
globulins. This correction has only been applied 
where zone electrophoresis indicated that the 
fraction was predominantly albumin (i.e. for 
fraction e, Fig. 2; b, Fig. 5; a and b, Fig. 6; and c 
and d, Fig. 7). 

Identifications were based mainly on the appear- 
ance and position of the immunoelectrophoretic 
line, with the nomenclature of Grabar & Burtin 
(1960). Many proteins, particularly «-globulins, 
detectable by immunoelectrophoresis, have not yet 
been named, and where a reasonably certain 
attribution was impossible they have been labelled 
merely to indicate their electrophoretic mobility. 

Ouchterlony diffusion plates were used to find 
whether the same protein occurred in several 
different fractions from a single chromatogram, 
and these are shown below the immunoelectro- 
phoresis results in Figs. 3 and 8. 

y-Globulin was fractionated by DEAE-cellulose 
chromatography into four distinct peaks (Fig. 3). 
All fractions were of y-globulin mobility, but 
immunoelectrophoresis and Ouchterlony diffusion 
experiments revealed differences between them. 
The major component occurred in fractions a, b 
and c, but in c a second minor component (possibly 
y, of Heremans, 1959) was found, whereas d was 
almost entirely a third component of fast y- 
globulin mobility; the line due to this component 
showed partial fusion with the main y-globulin line 
and behaved on immunoelectrophoresis like £,,- 
globulin. Fractions e and f gave only faint lines on 
Ouchterlony plates and were largely denatured 
after concentration. They were identical with each 
other and with a trace component in d. 

The £-globulins were split into five peaks on 
DEAE-cellulose chromatography (Fig. 4), though 





thi 











Vol. 80 


the first one (a) proved to be ‘y-globulin’ immuno- 
logically, b contained all the siderophilin and ‘y- 
globulin’ of B-globulin mobility. In addition B,,- 
globulin and traces of two other unidentified p- 
globulins were detected. £,,-Globulin is the com- 
ponent which has been reported by Tombs (1960) 
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as possibly combining with haemoglobin and by 
Biserte, Havez, Hayem & Laturaze (1960) as 
combining with haemoglobin, myoglobin and 
cytochrome c. However, Aber & Rowe (1960) have 
reported a f-globulin that binds haematin. This 
may account for the apparent haem-—protein 
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Fig. 2. Chromatography of 4 ml. of serum on DEAE-cellulose column (8 x 2 cm.) with gradient elution. The 
conical flask (B, Fig. 1) (11.) contained 0:3M-sodium phosphate, pH 4-24. The round flask (C, Fig. 1) (500 ml.) 
contained 0-01 M-sodium phosphate, pH 8-38. The base of the conical flask was 7-7 cm. below the base of the 
round-bottomed flask. The gradient terminated at fraction 117 when flask C was empty. The buffer remaining 
in flask B was then allowed to flow straight through. - - -, pH variation; —, u.v. absorption of the effluent. 
Tubes were pooled into fractions a-h corresponding to the regions of the chromatogram as shown at the top. 
The figures at the top are the percentages of the total eluted protein in that fraction. (For method of 


calculation see text.) Below is shown the result of immunoelectrophoresis of each fraction. 
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binding previously ascribed to f,,-globulin, or may 
be a separate phenomenon. f,,-Globulin bound 
haematin strongly. Peak d contained almost all 
the lipid-staining material and appeared to be 
mainly lipoprotein, whereas e contained at least two 
more unidentified £,-globulins. However, fraction e 
was largely denatured after concentration and the 
two lines seen were of dubious significance. The 
‘y-globulin’ in a and b gave a reaction of identity 
with the y-globulin fraction a (Fig. 3). 

The chromatogram of the a,-giobulins (Fig. 5) 
gave an indication of the extreme heterogeneity of 
this fraction. There were signs of partial resolution 
into numerous components. Several gradients were 
tried, both sharper and less sharp than the one 
shown, but this last gave the best results. Frac- 
tion @ contained traces of ‘y-globulin’ of o- 
globulin mobility, 6 nearly all the albumin, whereas 
c contained predominantly slower-migrating, and 
d and e faster-migrating, o»-globulins. Fraction b 
contained haptoglobins. No «,-lipoprotein was 
detected although the original «,-globulin fraction 
contained it. It was presumably lost during the 
manipulation. 

The albumin fraction contained all the «,- 
globulins together with traces of «,-globulin. 
Fig. 6 shows the result of DEAE-cellulose chro- 
matography with the standard gradient system. 
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Fig. 3. Chromatography of the y-globulin fraction ob- 
tained by electrophoresis of 15 ml. of serum. Conditions of 
chromatography were as for Fig. 2. For arrangement of 
figure see legend to Fig. 2. 


The major part of the albumin (fraction a) was 
homogeneous by immunoelectrophoresis. Peaks 6 
and ¢ contained the «-globulins together with 
trailing albumin. 
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tained by electrophoresis of 15 ml. of serum. Conditions of 
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Fig. 5. Chromatography of «,-globulin fraction obtained by 
electrophoresis of 15 ml. of serum. Conditions of chromato- 
graphy were as for Fig. 2. 
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On CM-cellulose the «,-globulins were eluted 
before the albumin, and could thus be obtained 
completely free from this component. Fig. 7 shows 
a typical experiment for the preparation of «- 
In this case, however, albumin was not 
obtained free from other minor «-globulins. Fig. 8 
shows the results of Ouchterlony diffusion experi- 
ments. These were an attempt to discover the 
overlap between fractions from the same chromato- 
graphic run and, in one case, fractions from differ- 
ent runs. 

Inspection of the immunoelectrophoresis results 
had shown that albumin, for example, occurred in 
several different fractions. In the Ouchterlony 
plates reactions of identity, especially between 
components of adjacent fractions, were frequently 
observed and it was clear that many components, 
revealed by immunoelectrophoresis of a given 
fraction, must be immunologically identical with 
those found in others, particularly neighbouring 
ones. Selected fractions from different runs, e.g. 
Be and albumin c, also showed common com- 
ponents. It was not possible to identify most of the 
precipitation zones. These experiments confirm the 
heterogeneity found by immunoelectrophoresis. 


globulins. 


Small-scale chromatography 


Serum (0-2 ml.) was separated by paper electro- 
phoresis, and segments corresponding to each 
fraction were cut out by using stained marker 
strips as a guide. Each segment was extracted with 
DEAE-cellulose-equilibrating buffer and the ex- 
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Fig. 6. Chromatography of albumin fraction obtained by 
electrophoresis of 15 ml. of serum. Conditions of chromato- 
graphy were as for Fig. 2. 
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tract and paper segment were placed on top of a 
column. Chromatography was then carried out in 
exactly the same way as for the larger scale experi- 
ments described above, protein in the effluent 
being detected at 210 mp. Owing to the slightly 
higher resolving power of paper electrophoresis it 
was possible to obtain an «,-globulin fraction. 
Veronal buffers could not be used because they 
absorb strongly at 210 my: borate does not, and 
appears to give electrophoretic patterns similar to 
veronal. The results obtained are shown in Fig. 9. 
They were similar to those from large-scale runs. 
The f-globulins did not show a siderophilin peak, 
although if an equivalent amount of f-globulin 
obtained by starch-grain electrophoresis was chro- 
matographed the peak was present. It was con- 
cluded that this globulin could not be recovered 
after paper electrophoresis. The small peak appear- 
ing at the start of every run was due to material 
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Fig. 7. Chromatography of albumin from 12 ml. of serum 
on a OM-cellulose column (8 cm. x2 cm.) with gradient 
elution. The conical flask (B, Fig. 1) (1 1.) contained 0-50 m- 
sodium acetate, pH 7:8. The round-bottomed flask (( 
Fig. 1) (500 ml.) contained 0-05M-sodium acetate, pH 4-5. 
Both flasks were at the same level. After applying protein 
to the column the equilibrating buffer from the reservoir 
(A, Fig. 1) was run through and was continued to fraction 
32 when the gradient was begun. 
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extracted from the paper. The size of the peak 
depended on the area of paper extracted, and was 
absent from the runs with starch-grain fractions 
(e.g. B-globulin in Fig. 9). 


DISCUSSION 


The electrophoretic criterion is by far the most 
widely used for classification of serum proteins. 
The categories correspond fairly closely with 
functional subdivisions, and some modifications of 
electrophoresis have a high resolving power. 
Electrophoresis has, therefore, been our main 
method of judging the effectiveness of chromato- 
graphic fractionation: simple zone electrophoresis 
as a primary criterion and immunoelectrophoresis 
for finer distinctions. 

It is evident from Fig. 2 and numerous examples 
in the literature that chromatography of whole 
serum fails to give resolution into electrophoretic- 
ally homogeneous components. Some components, 
albumin in particular, were eluted from the column 
over a wide range of conditions. 
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The choice of a suitable prior fractionation 
method depended largely on practical considera- 
tions: a method capable of dealing with fairly large 
quantities of protein with minimal denaturation 
was required. 

Ammonium sulphate fractionation is one such 
method but, as with column chromatography, its 
resolving power is poor for «- and f-globulins. 
A combination of these two methods gave good 
results with the more soluble proteins (Cooke e¢ al. 
1959; Tombs, James & Maclagan, 1961) but was 
not applicable to the remainder. Alternating 
chromatography on CM- and DEAE-cellulose has 
been used for fine resolution of y-globulin (Sober & 
Peterson, 1958). It is possible to devise a pro- 
cedure for the complete fractionation of serum 
proteins into components homogeneous by zone 
electrophoresis by using a combination of am- 
monium sulphate fractionation, CM-cellulose and 
DEAE-cellulose chromatography (unpublished 
results). This was lengthy and yields were poor, 
largely because of the excessive dilution of the 
protein and the frequent change of pH necessary. 
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An attempt to utilize the advantages of alternating 
CM- and DEAE-cellulose chromatography whilst 
avoiding the disadvantages mentioned above was 
also made by packing one material immediately on 
top of the other. The results were complex but 
suggested that this approach was not suitable for 
general fractionation, although it might find 
special application, for example to y-globulin, or 
for the preparation of albumin. 

Electrophoresis is perhaps the best method of 
preliminary fractionation, but has the disadvantage 
of limited capacity. In our experience the com- 
ponents were never completely separated by 
starch-grain electrophoresis, but the cross-con- 
tamination was probably less than in other methods 
and the losses were small. The use of this method as 
a prelude to column chromatography has not 
previously been reported, except for y-globulin 
(Fahey & Horbett, 1959). The combination has 
yielded considerable additional fractionation, of 
which some features are notable. 
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Fig. 9. Chromatography on DEAE-cellulose of fractions 
obtained by paper electrophoresis of 0-2 ml. of serum, 
except for f-globulin, which was obtained by starch- 
grain electrophoresis. Conditions of chromatography were 
as for Fig. 2, but protein was detected at 210 instead of at 
280 mu. 
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In agreement with Fahey & Horbett y-globulin 
was fractionated into the main and macroglobulin 
components, but in addition the presence of ,,- 
globulin was recognized. The high hexose content 
of B,,-globulin (Heremans, Heremans & Schultze, 
1959) could account for the rise in hexose content, 
with increasing difficulty of elution under similar 
conditions, observed by Fahey & Horbett (1959). 

Both the «- and £-globulins were plainly hetero- 
geneous by chromatography, particularly the «- 
globulins, and the chromatographic ” fractions 
themselves were still mixtures as shown by immuno- 
electrophoresis. But it should be emphasized that 
immunoelectrophoresis may give a false impression 
of the relative amounts of the components of such 
a mixture. For example, the results in Fig. 5 
suggest that fraction b contained a high proportion 
of «a-globulin, but simple agar electrophoresis 
showed that it was almost entirely albumin. 
Chromatography can, however, be used to give a 
completely homogeneous albumin by immuno- 
electrophoresis (fraction a, Fig. 6). Although the 
acid pH required for CM-cellulose chromatography 
denatured the «,-globulins, a group of «,-globulins 
could easily be separated from albumin, a fraction- 
ation which is difficult by any other method (Fig. 7). 

The Ouchterlony diffusion experiments (Fig. 8) 
were an attempt to define the overlap between 
fractions from the same chromatographic run. It 
was not possible to identify most of the precipita- 
tion zones, but reactions of identity, particularly 
between components of adjacent fractions, were 
frequently observed and it was clear that many 
components revealed by immunoelectrophoresis of 
a given fraction must be immunologically identical 
with those found in others. Indeed, judged by this 
purely qualitative criterion the overall resolution 
was poor. 

Although one of the main advantages of ion- 
exchange cellulose chromatography is the large 
amount of protein which can be handled by com- 
paratively small columns, very small amounts of 
protein (less than 1 mg.) could also be successfully 
run on DEAE-cellulose. Although excessive 
trailing prevented satisfactory results on CM- 
cellulose, patterns similar to normal CM-cellulose 
runs could be obtained with cellulose phosphate on 
a small scale (Cooke et al. 1959). 

The interpretation of chromatograms measured 
at 210 my is easier than that of those measured at 
280myp as the specific absorptions of serum 
proteins are more nearly the same at the former 
wavelength. The use of this wavelength permits the 
combination of chromatography with methods of 
electrophoresis which can only deal with small 
quantities of protein and offers a method of 
assessing the composition of fractions isolated by, 
for example, starch-gel electrophoresis. 

19-2 
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SUMMARY 


1. Experiments are described in which normal 
serum proteins were examined by modified cellulose 
chromatography after an initial electrophoretic 
separation. 

2. Diethylaminoethylcellulose chromatography 
gave useful resolution of fractions obtained by 
starch-grain electrophoresis. Methods for the 
combination of chromatography with small-scale 
electrophoretic methods (with 0-2 ml. of serum) 
are described. 

3. The general application of chromatography 
to serum protein fractionation is discussed. 

We are grateful to the British Empire Cancer Campaign 
and to the Endowment Fund of the Westminster Hospital 
for generous financial support. We also thank our colleagues 
who gave blood. 
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Aromatic Biosynthesis in Higher Plants 
1. PREPARATION AND PROPERTIES OF DEHYDROSHIKIMIC REDUCTASE 


By DORIS BALINSKY* anp D. D. DAVIES 
Botany Department, University of London King’s College, London 


(Received 7 November 1960) 


Davis and his co-workers (see Davis, 1955) indi- 
cated that the pathway of biosynthesis of the 
aromatic amino acids in Escherichia coli proceeded 
via the key intermediates dehydroquinic acid, 
dehydroshikimic acid and shikimic acid. The com- 
plete pathway from glucose to phenylalanine and 
tyrosine has since been elucidated by the recent 
work of Weiss & Mingioli (1956), Schwinck & 
Adams (1959) and Srinivasan & Sprinson (1959). 
Several workers have demonstrated the incorpora- 
tion of labelled shikimic acid into a number of 
aromatic plant constituents (Brown & Neish, 1955; 
Eberhardt & Schubert, 1956; Underhill, Watkin & 
Neish, 1957; McCalla & Neish, 1959; Kosuge & 
Conn, 1959). 


* Present address: Metabolic Research Unit, South 
African Institute for Medical Research, Johannesburg, 
South Africa. 

+ Present address: C.S.I.R.O. Unit, Botany Depart- 
ment, Sydney University, Sydney, Australia. 


The enzyme forming shikimic acid from its im- 
mediate precursor, dehydroshikimic acid, was 
demonstrated in cell-free extracts of H. coli by 
Yaniv & Gilvarg (1955) and named ‘dehydro- 
shikimic reductase’. This enzyme catalyses the 
reduction of dehydroshikimic acid, utilizing the 
reduced form of triphosphopyridine nucleotide as 
coenzyme. The enzyme was purified approximately 
ninefold, and some of its properties were studied. 
The presence of the enzyme was demonstrated in 
a number of organisms which can synthesize their 
own aromatic amino acids, namely Aerobacter 
aerogenes, Saccharomyces cerevisiae, Huglena gracilis, 
spinach leaves and peas. 

This paper describes the extraction and. purifica- 
tion of dehydroshikimic reductase from etiolated 
epicotyls of peas, and some of the properties of the 
purified enzyme. A preliminary report of this 
work has already been published (Balinsky & 
Davies, 1960). 
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EXPERIMENTAL 


Materials. Shikimic acid was obtained from the Cali- 
fornia Foundation for Biochemical Research, and from L. 
Light and Co. Ltd. A small quantity of dehydroshikimic 
acid, synthesized by Grewe & Jeschke (1956), was kindly 
supplied by Dr B. D. Davis. Triphosphopyridine nucleotide 
(TPN) of 90-95% purity was obtained from the Sigma 
Chemical Co. 

Enzyme assay 


Yaniv & Gilvarg (1955) showed that the equilibrium 
constant for the reaction at 30° is given by 


_ [SK] [TPN*] 
“Pp. [DHS] [TPNH] 
- 5:7 at pH 7-9 and 27-7 at pH 7-0, 


where SK represents shikimic acid and DHS dehydro- 
shikimic acid. Although the reaction in the direction of 
dehydroshikimic acid reduction is the one occurring bio- 
synthetically, and favoured by the equilibrium at pH 7-0 
or 7:9, shikimic acid and TPN are more readily available 
than dehydroshikimic acid and reduced triphosphopyridine 
nucleotide (TPNH), therefore the reverse reaction was used 
to assay the enzyme. 

The rate of formation of TPNH was therefore used (H at 
340 my) to measure the activity of the enzyme. Spectro- 
photometric measurements were made in a Unicam SP. 
500 spectrophotometer. 

Procedure. Into a quartz cuvette of 1 cm. light-path 
were pipetted 3 moles of sodium shikimate, 0-5 umole of 
TPN and sufficient 0-1m-glycine-NaOH buffer, pH 9-0, to 
give a final volume after addition of enzyme of 3 ml. With 
relatively crude preparations, a quantity of enzyme was 
used which gave an increase in # of not more than 0-03/ 
min., since the plot of velocity against enzyme concentra- 
tion deviated from linearity at higher rates. With more 
purified enzyme preparations, a rate of increase in H of up 
to 0:06/min. covld be used, although the initial velocity 
declined sooner at the higher rates. To obtain a linear initial 
rate, five to six readings/min. over a period of 3 min. were 
taken for routine measurements. The blank cell contained 
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all the above-mentioned components except shikimate. In 
the latter stages of purification, when no blank reaction 
could be detected, TPN was also omitted from the blank 
cell. 

A unit of activity is defined as the amount of enzyme 
producing a change of # at 340 mp of 1-0/min. Specific 
activity is defined as the activity/mg. of protein. 

Protein determinations. Protein concentration was deter- 
mined by the method of Warburg & Christian (1942). 


Extraction and purification of the enzyme 


All manipulations were carried out at 2° unless other- 
wise stated. Centrifuging was carried out at 13 000— 
25 000g in a Servall or MSE refrigerated high-speed head. 

Extraction. Chilled etiolated pea epicotyls were blended 
in a Waring Blendor with an equal volume of 0-2m- 
potassium phosphate buffer, pH 7-4. The extract was 
strained through a tea-cloth. 

First ammonium sulphate fractionation. To the filtrate 
obtained as described above, finely ground ammonium 
sulphate was added with stirring to 25% saturation. The 
mixture was well stirred for 10 min. and the precipitate 
formed removed by centrifuging. To the supernatant was 
added ammonium sulphate to 40% saturation, and the 
solution was stirred as described above. The precipitated 
protein was collected by centrifuging and redissolved in 
0-2Mm-potassium phosphate buffer, pH 7-4. This treatment 
appeared to produce considerable increase in activity, 
possibly owing to the removal of an inhibitor. 

Heat treatment. The protein solution obtained was 
rapidly heated to 50° by immersion in a water bath at 60°, 
kept at 50° for 1 min., then rapidly cooled in an ice-salt 
bath. The precipitated protein was removed by centri- 
fuging. 

Second ammonium sulphate fractionation. The super- 
natant solution was fractionally precipitated by addition 
of ammonium sulphate to give 20, 25, 30 and 35% satura- 
tion. The fractions were collected as described above for the 
first ammonium sulphate fractionation. 

Ammonium citrate fractionation. The most active 
fractions were combined and fractionally precipitated by 





Table 1. Purification of dehydroshikimic reductase 


Enzyme activity was assayed as described in the text. 


Total 
Volume activity 
Fraction (ml.) (units) 
First day 
Crude extract 300 18-0 
25-40% (NH,).SO, 34 28-0 
Heated 34 25-8 
Second (NH,),SO, fractionation 
20-25% 10 6-4 
25-30% 10 4:8 
Second day 
20-30% mixed 20 8-0 
Citrate fractionation 
35-40% 5 1-8 
40-45 % 5 2-0 
35-45 % mixed 10 3°8 


Calcium phosphate-cellulose 
Unadsorbed protein 10 1:3 
? 


Eluate 5 


Total Specific 
protein activity Recovery Purification 
(mg.) (unit/mg.) (%) factor 
2970 0-006 100 1-0 
694 0-040 156 6-7 
558 0-046 144 77 
69 0-093 | 62 (15-5 
47 0-102 = 117-0 
116 0-069 4k 11-5 
12 0-15 10 25-0 
10 0-20 11 33-3 
22 0-17 21 28-3 
5-4 0-24 7:3 40-0 
4:5 0-47 12 78-3 
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addition of ammonium citrate to concentrations of 35, 40 
and 45% (w/v). The precipitated proteins, collected by 
centrifuging, were dissolved in 0-02M-potassium phosphate 
buffer, pH 7-4. 

Calcium phosphate-cellulose. The most active fractions 
were combined and adjusted to pH 6-7 with 0-2m-potas- 
sium dihydrogen phosphate. The solution was poured on to 
a column (4-5 cm. x1cem.) of calcium phosphate precipi- 
tated on cellulose (Price & Greenfield, 1954). The solution 
of unadsorbed protein was discarded and the column 
eluted with water. 

Table 1 shows the results of a typical purification 
procedure. 


RESULTS 


Identification of reaction products. The oxidation 
of shikimate was allowed to proceed to completion 
in the assay procedure described above, except 
that potassium phosphate buffer, pH 7-4, was used 
because of the alkali-lability of dehydroshikimic 
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Fig. 1. Demonstration of the reversibility of the reaction 
catalysed by dehydroshikimic reductase. A purified 
enzyme preparation was used. Conditions of assay were as 
given in the text; TPN and shikimic acid (SK) were added 
at the points shown. Dehydroshikimic acid (DHS) was 
added after 65 min., and additional SK after a further 
25 min. 
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Fig. 2. Variation of enzyme activity with pH. A purified 
enzyme preparation was used. Conditions of assay were 
as described in the text except that 0-1m-potassium phos- 
phate buffer was used between pH 6-0 and 8-0, 0-kM-tris- 
HCl buffer between pH 8-0 and 9-2 and 0-1m-glycine- 
NaOH buffer between pH 9-0 and 10-6. 


acid (Salomon & Davis, 1953). The absorption 
spectrum of the reaction mixture was measured and 
peaks were observed at 230 and 340 muy, corre- 
sponding to the absorption maxima of dehydro- 
shikimic acid and TPNH respectively. When the 
reaction was coupled with the reduction of gluta- 
thione by glutathione reductase, which reoxidizes 
TPNH and makes it available for further reaction, 
the presence of dehydroshikimic acid in the incuba- 
tion mixture was shown chromatographically by 
comparison with the authentic acid, after develop- 
ment with butanol—formic acid—water (Davis & 
Mingioli, 1953). 

Reversibility of reaction. The assay system 
described above was used. The reaction was 
allowed to proceed for 45 min., when the velocity 
had considerably slowed down. Dehydroshikimic 
acid was then added, and F at 340 my was found to 
decrease, owing to reoxidation of TPNH by the 
acid (Fig. 1). Addition of shikimic acid caused E to 
increase again. 

Enzyme activity was measured between pH 6-0 
and 10-6, potassium phosphate, 2-amino-2-hydroxy- 





0 * 4 6 8 10 
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Fig. 3. Lineweaver-Burk plot for shikimic acid. The 
position of the reciprocal of the Michaelis constant (1/K,,) 
is indicated. A purified enzyme preparation was used. 
Conditions of assay were as described in the text, except 
that shikimic acid concentration was altered as shown. 
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Fig. 4. Lineweaver—Burk plot for TPN. The position of the 
reciprocal of the Michaelis constant (1/K,,) is indicated. 
A purified enzyme preparation was used. Conditions of 
assay were as described in the text, except that TPN 
concentration was altered as shown. 
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methylpropane-1:3-diol (tris)—hydrochloric acid 
and glycine-sodium hydroxide buffers at a final 
concentration of 0-1m being used. Activities at the 
same pH but with different buffers were identical, 
thereby demonstrating the absence of activation 
or inhibition by the individual buffers. The results 
(Fig. 2) show an optimum at pH 10-0. 

Michaelis constants. The Michaelis constants 
(K,,) for the two substrates were obtained for 
several different enzyme preparations by the 
method of Lineweaver & Burk (1934) by plotting 
the reciprocal of velocity (1/v) against the re- 
ciprocal of substrate concentration (1/[S]), whilst 
keeping the concentrations of enzyme and one 
substrate constant (Figs. 3 and 4). Dilutions of 
substrate were used such that points along the 1/[S] 
axis were evenly spaced. 

Four determinations of the Michaelis constant 
for shikimate at pH 9-0 gave the following values: 
0-19 mm, 0:19m™M, 0:-24mm and 0:28mm. The 
Michaelis constants for TPN at pH 9-0, 9-2 and 
10-0 respectively were 7,9 and 7 ym. Fig. 4 shows 
a representative Lineweaver—Burk plot for TPN in 
which K,, was 7 uM. 

Specificity. When shikimate was replaced by 
quinate, protocatechuate, malate or lactate in the 
assay system described, no reduction of TPN 
occurred. Similarly, when diphosphopyridine 
nucleotide (DPN) (mm) replaced TPN, no forma- 
tion of reduced diphosphopyridine nucleotide 
(DPNH) was observed in the presence of shikimate 
or any of the other compounds tested above. 

The purified enzyme was free of dehydroquinase, 
which was assayed by the method of Balinsky & 
Davies (1961). Hence the studies of the enzyme 
kinetics of dehydroshikimic acid reductase were 
not complicated by removal of dehydroshikimic 
acid by dehydroquinase. The purified enzyme was 
shown to be free of glutathione reductase. 

Metal requirement. No metal requirement could 
be demonstrated, since little change in enzyme 
activity was observed on addition of ethylenedi- 
aminetetra-acetic acid (EDTA) (10mm) or potassium 
cyanide (2 mm) to the reaction mixture (Table 2). 


Table 2. Effect of various compounds 
on enzyme activity 


Enzyme activity was measured as described in the text. 


Concentration Activity 
Compound added (mM) (%"of original) 
None + 100 
EDTA 10 108 
Potassium cyanide 2 92 
Cysteine 10 100 
p-Chloromercuribenzoate 2-5 8 
p-Chloromercuribenzoate + 10 84 
cysteine 


lodoacetate 10 84 
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Sulphydryl groups. The sulphydryl reagent p- 
chloromercuribenzoate was found to cause inhibi- 
tion of the enzyme, which was reversed by addition 
of cysteine. Iodoacetate caused only slight inhibi- 
tion, and this may be compared with results dis- 
cussed by Boyer (1959), indicating that a number 
of enzymes inhibited by p-chloromercuribenzoate 
are not inhibited by iodoacetate. 


DISCUSSION , 


Dehydroshikimie reductase, which has been 
purified 78-fold from extracts of pea epicotyls, has 
several properties in common with the correspond- 
ing enzyme isolated from extracts of Escherichia 
coli by Yaniv & Gilvarg (1955). Both enzymes are 
TPN-specific and do not catalyse the interconver- 
sion of the closely related quinic acid and dehydro- 
quinic acid. The Michaelis constants for shikimic 
acid and TPN for the two enzymes are of the same 
order of magnitude. Michaelis constants of 55 and 
31 ym at pH 8-0 were obtained for shikimic acid 
and TPN respectively by Yaniv & Gilvarg, com- 
pared with values of 0-19-0-28mm and 7uM 
respectively at pH 9-0 in the present studies. The 
pH. optima for the two enzymes differ somewhat. 
The bacterial enzyme showed a pH optimum of 
8-5, with activity declining sharply above pH 9-5, 
whereas the plant enzyme showed a pH optimum of 
10-0. The difference in pH optima may conceivably 
be due to the fact that the bacterial enzyme was not 
fully saturated with substrate, since TPN was 
used at a concentration of only 1-4 times the value 
of the Michaelis constant at pH 8-0. The purified 
bacterial enzyme appears to be more stable than 
the purified plant preparation obtained in this 
investigation. 

The low Michaelis constants for shikimic acid 
and TPN and the substrate specificity suggest that 
these are natural substrates of the enzyme. Un- 
fortunately insufficient dehydroshikimic acid and 
TPNH were available to examine the Michaelis con- 
stants of these substances. 


SUMMARY 


1. A triphosphopyridine nucleotide-linked en- 
zyme catalysing the interconversion of dehydro- 
shikimic acid and shikimic acid was extracted and 
purified from etiolated epicotyls of pea seedlings. 
An overall purification of 78-fold was obtained. 

2. The pH optimum for the oxidation of 
shikimic acid was found to be 10-0. 

3. The Michaelis constant for shikimic acid at 
pH 9-0 was 0:19-0:28 mo. The Michaelis constant for 
triphosphopyridine nucleotide at pH 9-0 was 7 uM. 

4. The purified enzyme preparation appeared to 
have no multivalent-ion requirement. 





296 D. 


5. The 


mercuribenzoate 


enzyme was_ inhibited p-chloro- 


by 


by 


with reversal of inhibition 


cysteine. Lodoacetate was slightly inhibitory. 
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Aromatic Biosynthesis in Higher Plants 


2. MODE OF ATTACHMENT OF SHIKIMIC ACID AND DEHYDROSHIKIMIC ACID 
TO DEHYDROSHIKIMIC REDUCTASE 


By DORIS BALINSKY* anv D. D. DAVIES+ 
Botany Department, University of London King’s College, London 


(Received 7 November 1960) 


The extraction of dehydroshikimic reductase 
from etiolated epicotyls of pea seedlings and the 
purification of the enzyme have been described by 
Balinsky & Davies (1961). In order to determine 
the mode of attachment of the substrates shikimic 
acid and dehydroshikimic acid to the enzyme, 
various compounds of similar structure to these 
substrates were examined for possible competitive 
inhibition. A preliminary report of this work has 
already been published (Balinsky & Davies, 1960). 


EXPERIMENTAL 


Special chemicals. Shikimic acid was obtained from L. 
Light and Co. Ltd. Triphosphopyridine nucleotide was 
obtained from the Sigma Chemical Co. 

Enzyme preparation. A purified enzyme preparation was 
obtained as described by Balinsky & Davies (1961). 


* Present address: Metabolic Research Unit, South 
African Institute for Medical Research, Johannesburg, 
South Africa. 

+ Present address: C.S.I.R.O. Unit, Botany Depart- 
ment, Sydney University, Sydney, Australia. 


Measurement of enzyme activity. The enzyme was assayed 
as described by Balinsky & Davies (1961), except that the 
shikimic acid concentration was altered as indicated in 
Tables 1 and 2 and in Figs. 1-3. In addition, the com- 
pound being examined for inhibition was added at the 
concentrations shown in the Tables. 

Some difficulty was experienced when testing pyrogallol, 
catechol, resorcinol, gallic acid and resorcylic acid. These 
compounds are readily oxidized by atmospheric or dis- 
solved oxygen, and the increase in extinction at 340 mp due 
to this oxidation masked any increase due to enzyme 
activity. In order to overcome this, all solutions were pre- 
pared in oxygen-free water and covered with a layer of 
toluene. Buffer, enzyme and substrates were pipetted into 
the cuvette and a few drops of toluene were added before 
addition of the polyphenol or hydroxy acid. Under these 
conditions, there was only a very slight blank reaction due 
to the added compound. 


RESULTS 


Several of the compounds tested were inhibitory 
(Table 1). Some of these compounds were more 
extensively studied to determine whether inhibi- 
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tion was competitive or non-competitive and to 
evaluate the inhibitor constants. The concentra- 
tions of inhibitor were kept constant and the 
shikimic acid concentration was varied as shown in 
Figs. 1-3. Plots were made of the reciprocal of the 
reaction velocity (1/v) against the reciprocal of the 
shikimic acid concentration (1/[S]) (Lineweaver & 
Burk, 1934) at a constant concentration of enzyme. 
The lines meet in a point on the ordinate axis, 
indicating competitive inhibition (Friedenwald & 
Maengwyn-Davies, 1954). 





Table 1. Effect of various compounds 


on enzyme activity 


Quartz cuvettes of lem. light-path contained 0-1m- 
glycine-NaOH buffer, pH 9-0, 0-17 mm-triphosphopyr- 
idine nucleotide, purified enzyme, sodium shikimate [mM in 
series (A) and 0-3 mm in series (B)] and the compound 
under examination (neutralized) at the concentration 
shown. The reaction was assayed by measuring production 
of reduced triphosphopyridine nucleotide at 340 mp in a 
Unicam SP. 500 spectrophotometer. 


Concentration Activity 


Compound added (mm) (% of original) 
(A) None 100 
Quinic acid 10 100 
Dehydroquinic acid 10 100 
Salicylic acid 10 100 
2:4-Dihydroxybenzoic 10 97 
acid 
Benzoic acid 10 100 
Phenol 10 97 
Pyrogallol 10 0 
Tryptophan 10 97 
(B) None 100 
Catechol 5 0 
Guaiacol 5 9 
Vanillin 0-5 0 
Gallic acid 5 0 
Protocatechuic acid 1 77 
p-Hydroxybenzoic acid 5 0 
m-Hydroxybenzoie acid 5 100 
p-Aminobenzoic acid 5 100 
3:5-Dihydroxybenzoic acid 5 100 


Table 2. Inhibitor constants for competitive 
inhibitors of dehydroshikimic reductase 


Quartz cuvettes of lcm. light-path contained 0-1M- 
glycine-NaOH buffer, pH 9-0, 0-17 mm-triphosphopyridine 
nucleotide, purified enzyme, shikimic acid and inhibitor at 
the concentrations shown in Figs. 1-3. The reaction was 
followed at 340 my in a Unicam SP. 500 spectrophoto- 
meter. Inhibitor constants were calculated from the 
slopes of the lines obtained in Figs. 1-3. 


Inhibitor 
constant 
Inhibitor (mm) 

Vanillin 0-093 
Gallic acid 0:38 
p-Hydroxybenzoic acid 0-74 
Protocatechuic acid 0-75 
Catechol 1-9 
Guaiacol 11-0 
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Table 2 shows that vanillin and the hydroxy 
acids are potent inhibitors, catechol is somewhat 
weaker and guaiacol is weaker still. 


DISCUSSION 


Those compounds which inhibited the reaction 
were found to do so competitively, presumably by 
occupying the site normally serving for the attach- 
ment of shikimic acid and dehydroshikimic acid. 
A comparison of the structures of thesesinhibitors 
with those of the natural substrates might give an 
indication of the groups required for attachment of 
the substrate to the enzyme. The inhibitors all 
possess at least two groups in the same positions 
as those occupied in shikimic acid, one of these 
being a hydroxyl group corresponding to the 
4-OH position of the shikimic acid and dehydro- 
shikimic acid molecules. Substituents in the 
benzene ring lie in the plane of the ring, and it will 
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Fig. 1. Lineweaver-Burk plots for shikimic acid in the 
presence and absence of inhibitor. Quartz cuvettes of 
lem. light-path contained 0-1m-glycine-NaOH buffer, 
pH 9-0, 0-17 mm-triphosphopyridine nucleotide, purified 
enzyme, shikimic acid at the concentrations shown: O, 
without inhibitor; @, with mm-protocatechuic acid. The 
reaction was followed at 340 my in a Unicam SP. 500 
spectrophotometer. v, AFZ349/min. 





298 D. BALINSKY AND D. D. DAVIES 1961 


be shown below that the 4-OH of shikimic acid is 
approximately in the plane of the ring. 

Shikimic acid (I) has a conformation which is 
partly planar and partly alicyclic. A ‘half-chair’ 
conformation with substituents in the equatorial 
plane is the most stable for cyclohexene compounds 
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Fig. 2. Lineweaver-—Burk plots for shikimic acid in the 
presence and absence of inhibitor. Conditions of assay 
were as described in Fig. 1. @, No inhibitor; @, 2 mm- 
catechol; O, 0-5 mm-gallic acid. v, AZ34./min. 
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Fig. 3. Lineweaver—Burk plots for shikimic acid in the 
presence and absence of inhibitor. Conditions of assay 
were as described in Fig. 1. O, No inhibitor; @, 2 mm- 
guaiacol; @, 55um-vanillin; ©, mmM-p-hydroxybenzoic 
acid. v, AEF 34o/min. 


(Klyne, 1954; Barton & Cookson, 1956). There are 
two possible ‘half-chair’ conformations of shikimic 
acid (II and III; equatorial and quasi-equatorial 
bonds are indicated by horizontal lines). It will be 
seen that structure (II) has only one hydroxy] 
group in the equatorial plane, whereas in structure 
(III) both the 3- and 4-OH groups are equatorial, 


CO,H 
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hence this structure is more stable. There is also a 
possibility of hydrogen-bond formation, not only 
between the cis 4- and 5-OH groups, but also 
between the equatorial 3- and 4-OH groups in 


(III), which would further increase the stability of 


this conformation. It should be noted that these 
hydroxyl groups are alcoholic in nature, not 
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phenolic as with the aromatic inhibitors. The 
aromatic hydroxyl groups would be partially 
ionized at the pH of the assay. 

In dehydroshikimic acid, all carbon atoms except 
C-3 are coplanar, and the 3- and 4-OH groups are 
still approximately equatorial. The presence of an 
equatorial 4-OH group, both in the aromatic 
inhibitors observed and in the natural substrates, 
suggests the possible role of this group in the 
attachment of the substrate to the enzyme. Since 
phenol is not an inhibitor, it appears that at least 
one other group, corresponding to the carboxyl or 
3- or 5-OH of shikimic acid, must be present for 
attachment. The nature of the other group seems to 
be less specific. Individual examples will be dis- 
cussed below. 

Gallic acid is the aromatic inhibitor most closely 
related in structure to shikimic acid. Besides 
attachment in the 4-OH position, attachment might 
also occur at the carboxyl and 3-OH groups. It is 
less likely to occur at the 5-OH position, since the 
corresponding hydroxyl group of shikimic acid is 
not equatorial, and is absent in dehydroshikimic 
acid. But a planar substituent in the 5-position 
should not cause steric hindrance, since dehydro- 
shikimie acid itself has a planar substituent (the 
carbonyl oxygen) in this position. Similarly, in 
protocatechuic acid attachment in the 3-OH position 
is possible. But inhibition by p-hydroxybenzoic 
acid indicates that attachment of a 3-OH group is 
not essential. All three acids are strong inhibitors 
(Table 2). 

In pyrogallol and catechol, two adjacent 
hydroxyl groups in the absence of a carboxyl 
group appear tv be sufficient, although catechol is 
a less potent inhibitor than the hydroxy acids 
described above. From this it can be concluded 
that either a l-carboxyl or 3-OH substituent is 
necessary for enzyme attachment, in addition to 
the 4-OH group, but that the attachment at the 
carboxyl position is more conducive to stability of 
the enzyme-inhibitor complex. In shikimic acid 
and dehydroshikimic acid, all three positions may 
be utilized. 

Inhibition by guaiacol and vanillin presents 
another interesting aspect. In guaiacol, the 
attachment apparently takes place at the methoxyl 
group in place of the hydroxyl group of catechol, 
though inhibition is weak. Strong inhibition by 
vanillin indicates that, in addition to rather weak 
attachment at the methoxyl group, there may be 
fairly firm attachment of the aldehyde group at the 
position normally occupied by the carboxyl group. 
It appears that the requirements for attaching 
groups in the 1- and 3-positions are not entirely 
specific. 

Among the non-inhibitors, p-aminobenzoic acid 
indicates that a 4-amino group cannot replace the 
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4-OH group. Salicylic acid, m-hydroxybenzoic 
acid, 3:5-dihydroxybenzoic acid and _ resorcinol 
possess no groups in the same positions relative to 
the 4-OH group as shikimic acid. On the other 
hand, if the carboxyl groups of salicylic acid, m- 
hydroxybenzoic acid and resorcylic acid are 
assumed to occupy the position of the carboxyl 
group of shikimic acid, there is no hydroxyl group 
corresponding to the 4-position of the ring. 2:4- 
Dihydroxybenzoic acid, however, might be ex- 
pected to inhibit, since it differs from p-hydroxy- 
benzoic acid only in the possession of a 2-OH 
group. The lack of observed inhibition is pre- 
sumably due to steric hindrance in the 2- and 6- 
positions. Similarly, the observation that quinic 
acid (hexahydro-1:3:4:5-tetrahydroxybenzoic acid) 
and 5-dehydroquinic acid do not inhibit is prob- 
ably due to steric hindrance, caused by the 1-OH 
group. 

It appears therefore that a hydroxyl group in the 
position normally occupied by the 4-OH group of 
shikimic acid and dehydroshikimic acid is necessary 
for enzyme attachment, in addition to groups 
which can occupy the 1- and 3-positions of the ring 
and have similar properties with respect to attach- 
ment as the carboxyl and hydroxyl groups re- 
spectively. Substituents in the 2- and 6-positions, 
and non-equatorial substituents in the 1-position, 
apparently encounter steric hindrance. It is 
suggested that the natural substrates themselves 
are probably attached to the enzyme by means of 
the carboxyl and 3- and 4-OH groups. The possi- 
bility of direct attachment to the ring cannot be 








Fig. 4. Diagrammatic representation of the suggested 
mode of attachment of shikimic acid to dehydroshikimic 
reductase. Solid semi-circles indicate proposed attachment 
sites. Possible steric hindrance to substituents in the 2- 
and 6-positions of the ring is also indicated. TPN*, 
Triphosphopyridine nucleotide. 
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ruled out. Fig. 4 is a diagram of the possible 


attachment sites (drawn in solid lines) on the 


enzyme surface. 
SUMMARY 


1. A number of aromatic and hydro-aromatic 
compounds of similar structure to the natural 
substrates of dehydroshikimic reductase, shikimic 
acid and dehydroshikimic acid, were examined for 
possible inhibition. 

2. Several of the compounds found to cause 
inhibition were examined further, and were shown 
to inhibit competitively. 

3. The inhibitor constants for these competitive 
inhibitors were calculated. 

4. Since these compounds presumably inhibit 
by occupying the site normally serving for attach- 
ment of shikimic acid and dehydroshikimic acid, a 
theory of the mode of attachment of the substrates 
to the enzyme is discussed. 

5. Itissuggested that shikimic acid and dehydro- 
shikimic acid are attached to the enzyme by means 
of the carboxyl and 3- and 4-hydroxy] groups. 
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By DORIS 


BALINSKY* anp D. 


D. DAVIESt 


Botany Department, University of London King’s College, London 


(Received 7 November 1960) 


The preparation and purification of dehydro- 
shikimic reductase, the enzyme converting de- 
hydroshikimic acid into shikimic acid, was de- 
scribed by Balinsky & Davies (1961a@). The present 
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paper describes the preparation and purification of 
dehydroquinase, the enzyme catalysing the inter- 
conversion of dehydroquinic acid (I) and dehydro- 
shikimic acid (II), as shown below. 

A preliminary account has been published 
(Balinsky & Davies, 1960). 

The presence of this enzyme was first demon- 
strated in cell-free extracts of Escherichia coli by 
Davis & Weiss (1953). It was purified eightfold by 
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Mitsuhashi & Davis (1954), who studied some of its 
properties and demonstrated its occurrence in a 
number of organisms that can synthesize their own 
aromatic amino acids, namely Aerobacter aerogenes, 
Saccharomyces cerevisiae, Euglena gracilis, spinach 
leaves and peas. 


[IX PERIMENTAL 


Materials. Dehydroquinic acid, synthesized by Grewe & 
Jeschke (1956), was kindly supplied by Dr R. Grewe. A 
small quantity of dehydroshikimic acid, synthesized by 
Grewe & Jeschke, was obtained by the courtesy of Dr 
B. D. Davis. 

Assay procedure. Mitsuhashi & Davis (1954) showed that 
the equilibrium constant for the reaction at pH 7-4, neg- 
lecting the water term, was 


[dehydroshikimic acid] 541 
[dehydroquinic acid] — — 
which shows that the reaction is favourable for the 
formation of dehydroshikimic acid, hence the reaction was 
assayed in that direction. The assay is based on the ab- 
sorption of dehydroshikimic acid at 234mp; dehydro- 
quinic acid has a negligible absorption at this wavelength. 
For routine measurements during purification procedures, 
the change in E at 240 mp was measured in preference to 
that at 234 mp. Since the enzyme appeared to be active 
over a wide range of pH (Fig. 2), a pH of 7-4 was chosen, 
this being the pH at which Mitsuhashi & Davis (1954) 
assayed dehydroquinase activity. Moreover, both dehydro- 
quinic acid and dehydroshikimic acid are stable at this pH. 
Procedure. Into a quartz cuvette of 1 cm. light-path 
were pipetted 3 ml. of 0-1m-potassium phosphate buffer, 
pH 7-4, 0-1 ml. of 3 mm-sodium dehydroquinate and an 
appropriate amount of enzyme. Changes of H were measured 
in a Unicam SP. 500 specirophotometer against a blank 
cell containing 3-1 ml. of buffer and the same amount of 
enzyme as the test cell. It was shown that the rate of 
change of E was proportional to the enzyme concentration. 
The reaction rate was linear for at least 5 min. A unit of 
activity is defined as the amount of enzyme producing a 
change of EF of 1-0/min. at 240 my (or 234 my) under the 
conditions of the assay procedure. Specific activity is 
defined as the activity/mg. of protein. 
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Protein measurements. The protein concentration was 
determined by the method of Warburg & Christian (1942). 


Extraction and purification of dehydroquinase 


The enzyme was found to lose one-third to one-half of the 
original activity on overnight storage at +3° or — 15°. The 
purification procedure adopted was based on the need to 
obtain in 1 day a purified enzyme preparation of fairly 
high specific activity and to use it at once for studies of the 
properties of the enzyme. 

Extraction. Fresh cauliflower heads were thoroughly 
washed in water, cooled to 2° and the tips of the buds 
removed with a sharp knife. A 1:1 (w/v) extract of these 
buds was prepared by blending in 0-2M-potassium phos- 
phate buffer, pH 6-5, in a Waring Blendor. The extract was 
strained through a cloth and excess of cell debris removed 
by centrifuging for 10 min. at 25 000g. 

First ammonium sulphate fractionation. Finely ground 
ammonium sulphate was added very gradually with 
stirring to the crude extract to 30% saturation. The 
mixture was stirred for 10 min. and the precipitate formed 
removed by centrifuging for 10 min. at 25000g. Am- 
monium sulphate was added to the supernatant solution to 
55% saturation, the solution stirred and the precipitate 
collected by centrifuging as described above. The pre- 
cipitate formed was dissolved in 0-2M-potassium phosphate 
buffer, pH 6-5, and dialysed for 1 hr. against 4 1. of 5 mm- 
potassium phosphate buffer, pH 6-5 (flow dialysis). 

Second ammonium sulphate fractionation. Finely ground 
ammonium sulphate was added to the dialysed protein 
solution to concentrations of 25, 30, 35, 40, 45 and 50% 
saturation. The fractions were collected and dissolved as 
described above. The most active fractions obtained were 
mixed and used for studies of the properties of the enzyme, 
after dialysis for lhr. against 41. of 5 mM-potassium 
phosphate buffer, pH 7-4. 

Results of a typical purification procedure are sum- 
marized in Table 1. 


RESULTS 


Identification of reaction product. In the assay 
system described, the reaction was allowed to 
proceed to completion, and the absorption spectrum 
of the reaction mixture measured. A peak was 
observed at 234 mp corresponding to the absorption 





Purification of dehydroquinase 


Enzyme activity was assayed as described in the text. 


Total 
Volume activity 
Fraction (ml.) (units) 
Crude extract 200 15-0 
First ammonium sulphate fractionation 
30-55 %, 60 13-2 
Second ammonium sulphate fractionation 
0-25% 10 0-6 
25-30% 5 0-2 
30-35% 5 2-5 
35-40 % 5 2-0 
40-45 % 5 2-2 
45-50% 5 2-0 


Total Specific 
protein activity Xecovery Purification 
(mg.) (unit/mg.) (%) factor 
12 400 0-012 100 1-0 
876 0-015 88 1-3 
37-5 0-016 4 1-3 
16-8 0-012 ] 1-0 
30-0 0-083 17 6-9 
22-0 0-091 13 7-6 
27-5 0-078 15 6-5 
28-8 0-070 13 5:8 
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maximum of dehydroshikimic acid (Salomon & 
Davis, 1953). The presence of dehydroshikimic acid 
was demonstrated chromatographically by com- 
parison with synthetic acid in a butan-1-ol—formic 
acid solvent (Davis & Mingioli, 1953). 

Reversibility of the reaction. Although the re- 
action is more favourable to the formation of de- 
hydroshikimic acid, the reverse reaction could be 
shown by incubating the enzyme with dehydro- 
shikimic acid and measuring the decrease of H. 

Into a quartz cuvette of 1 cm. light-path were 
pipetted 3 ml. of 0-1M-potassium phosphate buffer, 
pH 7-4, and 0-lml. (0:063yumole) of dehydro- 
shikimic acid. After 1 min. 0-1 ml. of purified 
enzyme was added and the reaction followed at 
234 my in the spectrophotometer against a blank 
cell containing no dehydroshikimic acid. Fig. 1 
shows that there was a decrease in E, indicating at 
equilibrium a 19% conversion of dehydroshikimic 
acid into dehydroquinic acid. This value is higher 
than that obtained by Mitsuhashi & Davis. 

Measurement of pH optimum. In the assay 
procedure described, the variation of enzyme 
activity at different pH values was measured, 
potassium phosphate, 2-amino-2-hydroxymethyl- 
propane-1:3-diol (tris)}-HCl (0-l1m) and glycine— 
NaOH (0-1m) buffers being used. Activities were 
measured for at least one identical value of two 
buffers when changing from one buffer to another. 
Fig. 2 shows that the enzyme was active over a 
broad range of pH, with no marked peak between 
pH 7-0 and 9-0. At pH 10-0there was a marked 
decrease in enzyme activity. 

Michaelis constant. The Michaelis constant (K,,) 
for dehydroquinic acid was obtained by the method 
of Lineweaver & Burk (1934) (Fig. 3). The value at 
pH 7-4 was 61 pM. 


Enzyme 


25 { 


2-0 


10°A Bos, 


1-5 


0 1 2 3 4 
Time (min.) 


Fig. 1. Reversibility of the reaction catalysed by dehydro- 
quinase. Quartz cuvettes of 1 cm. light-path contained 
3 ml. of 0-1m-potassium phosphate buffer, pH 7-4, and 
0-063 »mole of dehydroshikimic acid. A portion (0-1 ml.) of 
purified enzyme was added as indicated to both the blank 
and experimental cuvettes and the decrease in E at 234 mu 
was measured in a Unicam SP. 500 spectrophotometer. 
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Specificity. The «-hydroxy acids malic and citric 
are dehydrated to the corresponding «8-unsatur- 
ated acids fumaric and aconitic by fumarase and 
aconitase respectively. Since these reactions 
resemble the reaction catalysed by dehydroquinase, 


2-5 
(A) 
2-0 Me 
£ (B) 
3 45 
RQ 
= 
1-0 
"< 7 8 9 10 


pH 


Fig. 2. Variation of enzyme activity with pH. Conditions 
of assay were as described in the text except that the pH 
of the buffer was varied and the enzyme activity was 
measured at 234 my. 0-1mM-Potassium phosphate buffer 
was used between pH 6-5 and 8-0, 0-1m-tris-HCl buffer 
between pH 7-0 and 9-0 and 0-1m-glycine-NaOH buffer 
between pH 9-0 and 10-0. (A) 0-80% Ammonium sulphate 
precipitate of the crude extract, dissolved in 0-1m-potas- 
sium phosphate buffer, pH 7-4. (B) Purified enzyme, pre- 
pared as described in the Experimental section. 
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Fig. 3. Lineweaver—Burk plot for dehydroquinic acid. The 
position of the reciprocal of the Michaelis constant (1/K,,) is 
indicated. A purified enzyme preparation was used. Condi- 
tions of assay were as described in the text except that 
E at 234 mp was measured and dehydroquinic acid con- 
centration was altered as shown. 
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malate and citrate were tested as substrates of the 
purified dehydroquinase preparation. The molar- 
extinction coefficients of fumarate and cis-aconi- 
tate at 240myp are 2110 and 3540 respectively 
(Ochoa, 1951). Fumarase and aconitase activities 
were therefore measured at this wavelength. In 
the assay procedure described above, 3 umoles of 
malate and citrate in turn replaced the dehydro- 
quinic acid. 3-Deoxy-2-oxoheptonic acid 7-phos- 
phate, a precursor of dehydroquinic acid in 
Escherichia coli (Srinivasan & Sprinson, 1959), was 
also examined for its ability to produce dehydro- 
shikimic acid. 

Fumarase and aconitase activities were not ob- 
served, and 3-deoxy-2-oxoheptonie acid 7-phos- 
phate did not appear to form dehydroshikimic acid. 

It was shown chromatographically that the 
purified enzyme could not interconvert the closely 
related quinic acid and shikimic acid. 

Inhibition studies. Compounds of similar struc- 
ture to dehydroshikimic acid and dehydroquinic 
acid examined for possible competitive inhibition 
were shikimic acid, quinic acid, 3-deoxy-2-oxo- 
heptonic acid 7-phosphate and benzoic acid. The 
aromatic hydroxy acids and polyphenols tested in 
an analogous experiment with dehydroshikimic 
reductase (Balinsky & Davies, 19616) could not be 
used because of their strong absorption at 234 mu. 
A metal-chelating agent, ethylenediaminetetra- 
acetic acid and two sulphydryl reagents, iodo- 
acetate and p-chloromercuribenzoate, were also 
tested. In these experiments the dehydroquinic 
acid concentration was decreased to 10 .M and the 
‘inhibitor’ was added to a concentration of 0-1 mm. 

No inhibition or activation by any of these sub- 
stances was observed. Dialysis for 1 hr. against 
41. of 5 mm-potassium phosphate buffer, pH 6-0 or 
7:4, slightly enhanced the activity of the enzyme, 
possibly owing to the removal of an inhibitor. The 
fact that activity was not lost on dialysis indicates 
that there is no requirement for a dialysable co- 
factor. 


DISCUSSION 


Dehydroquinase has been extracted from cauli- 
flower buds and has been purified 7-6-fold. This 
enzyme has some similar properties to the dehydro- 
quinase purified from extracts of Escherichia coli 
by Mitsuhashi & Davis (1954). Both enzymes were 
active between pH 6-5 and 9-0, the bacterial 
enzyme showing a slight activity peak at pH 8-0 
which was even less marked for the plant enzyme. 
The Michaelis constants for dehydroquinic acid for 
the two enzymes were very similar, namely 61 uM 
and 41pm for the plant and bacterial enzymes 
respectively at pH 7-4. The two enzymes differed 
considerably with respect to stability, the bacterial 
enzyme retaining its activity for at least 6 months 
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at — 15°, whereas the plant enzyme was consider- 
ably inactivated on overnight storage at this 
temperature. 

The enzyme does not appear to be identical with 
fumarase or aconitase, since malate and citrate did 
not appear to be dehydrated by the purified de- 
hydroquinase preparation. The observation that 
3-deoxy-2-oxoheptonic acid 7-phosphate does not 
give rise to dehydroshikimic acid indicates that the 
enzyme or enzymes converting this compound into 
dehydroquinic acid were inactive or absent in this 
preparation. 

No inhibition was observed by any of the com- 
pounds tested which had similar structures to 
dehydroquinie acid and dehydroshikimic acid. 
This indicates that the site occupied by these acids 
is specific for these two compounds. It is possible 
that the carbony] group is essential for attachment 
of the substrates to the enzyme, since the presence 
of this group in place of CH(OH) in the 5-position 
of the ring is the only structural difference between 
the natural substrates and their hydrogenated 
analogues, quinic acid and shikimic acid. 


SUMMARY 


1. An enzyme catalysing the interconversion of 
dehydroquinie acid and dehydroshikimic acid was 
extracted from cauliflower buds and purified 7-6- 
fold by ammonium sulphate fractionation. 

2. The enzyme was found to be active over a 
broad range of pH, with no marked peak between 
pH 7-0 and 9-0. 

3. The Michaelis constant for dehydroquinic acid 
at pH 7-4 was 61 pM. 

4. The enzyme did not catalyse the dehydration 
of malate or citrate. 

5. No inhibition was observed by sulphydryl 
reagents or by compounds related in structure to 
the natural substrates. 

6. There appeared to be no dialysable cofactor. 
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6. THE ACTION OF POTATO PHOSPHORYLASE (P-ENZYME) 
ON STARCH-TYPE POLYSACCHARIDES* 


By A. MARGARET LIDDLE, D. J. MANNERS anp A. WRIGHT 
Department of Chemistry, University of Edinburgh 


(Received 19 December 1960) 


Although the synthetic action of P-enzyme 
(potato phosphorylase) has been widely studied 
(for review see Whelan, 1958), observations on the 
degradation of amylose, amylopectin and glycogen 
by this enzyme are limited, and the results are 
often conflicting. For example, Katz, Hassid & 
Doudoroff (1948) claimed that potato amylose 
was almost completely converted into «-D-glucosyl 
phosphate by P-enzyme, whereas Peat, Thomas & 
Whelan (1952) found only 70% conversion. 
Baum, Gilbert & Scott (1956) have suggested that 
the incomplete phosphorolysis was due to oxidative 
modification of the substrate during the prepara- 
tion from starch; other explanations, are, however, 
possible. 

The action of P-enzyme on amylopectin, like 
that of f-amylase, is confined to the exterior 
chains, but the extent of degradation (see Table 1) 
is uncertain, and there appears to be no constant 
difference between the phosphorolysis and f- 


* Part 5: Gunja & Manners (1960). 


amylolysis limits. The extent of arsenolysis of 


amylopectin (see equation 2) was found by Meyer, 
Weil & Fischer (1952) to be the same as the - 
amylolysis limit. 

P-enzyme 
Starch + phosphate ————— «-p-glucosyl phosphate (1) 

P-enzyme 
——> a-D-glucosyl arsenate 

| H,O (spontaneous) 
glucose + arsenate (2) 


Starch + arsenate — 


This would suggest that P-enzyme can, in fact, 
degrade «-l1 + 4-glucosidic linkages which are 
separated by only two or three glucose residues 
from an «-] + 6-glucosidic inter-chain linkage. 
However, the f-amylolysis limits reported by 
Meyer et al. (1952) are about 10% higher than 
those found by other workers. 

The extent of P-enzyme action on glycogen is 


not known. Swanson (1948) found that a sample of 
rabbit-liver glycogen had a phosphorolysis limit of 





Table 1. 


Source of Phosphorolysis 


amylopectin (%) (%) 
Corn 40* yom 
Potato 59F 54 
Potato 39T - 
Potatot 487 ao 
Potato —_ 70 
Tapioca 57T — 
Tapioca — 62 
70 


Waxy-maize starch — 


Arsenolysis 


Extent of degradation of amylopectins by P-enzyme and B-amylase 


B-Amylolysis 


% Reference 
60 Swanson (1948) 

About 55 Katz, Hassid & Doudoroff (1948) 
53 Bourne, Sitch & Peat (1949) 
59 Peat, Thomas & Whelan (1952) 
70 Meyer, Weil & Fischer (1952) 
~- Katz et al. (1948) 
62 Meyer et al. (1952) 
70 Meyer et al. (1952) 


* Calculated from residual non-dialysable polysaccharide. 
+ Conversion into «-D-glucosyl phosphate. 
t This sample was a sub-fraction and was considered to possess unusual properties. 
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Table 2. Action of P-enzyme on amylopectins 


Average chain 


Sample length* 
Waxy-maize starch 22 
Waxy-sorghum starch 20 
Potato amylopectin 24 


* Determined by periodate oxidation. 


P-limit B-Amylolysis Exterior chain 
(%) limit (% lengtht 
45 58 55. . 
33 56 13-14 
43 57 16 


t No. of glucose residues removed by f-amylase plus 2:5. 





20%, whereas Fischer & Hilpert (1953) reported 
that crystalline P-enzyme had almost no action on 
oyster or muscle glycogen. 

In contrast with the above work, in which 
amylopectins or glycogens of unreported chain 
length were used, we have examined the phosphoro- 
lysis of various glycogen and amylopectin samples 
of known chain length. In certain instances the 
p-amylolysis limit and the extent of degradation by 
muscle phosphorylase (¢-limit) were also known, 
so that detailed comparisons of action pattern could 
be made. The effect of oxygen treatment on the 
phosphorolysis of amylose has also been examined. 
Preliminary accounts of this work have been pub- 
lished (Liddle & Manners, 1955; Liddle, 1956; 
Wright, 1960). 


METHODS AND MATERIALS 


Analytical methods. Inorganic phosphate and «-p- 
glucosyl phosphate were determined by the methods de- 
scribed by Liddle & Manners (1957a). The conditions for 
B-amylolysis of glycogen and amylopectin were those of 
Liddle & Manners (1957), and for amylose (at pH 3-6) 
those of Cowie, Fleming, Greenwood & Manners (1957); 
iodine-staining and viscosity measurements were carried 
out as by Gunja, Manners & Khin Maung (1960). 

Substrates. The glycogen samples were those described by 
Liddle & Manners (1957a, b). Waxy-maize and sorghum 
starches were commercial products; Dr C. T. Greenwood 
kindly provided a potato (var. Epicure) amylopectin of 
known chain length and f-amylolysis limit, and Dr J. R. 
Turvey a sample of Zea mays phytoglycogen A (see Peat, 
Whelan & Turvey, 1956). Linear amylose was extracted 
from potato (var. Kerr’s pink) starch and maize starch 
(sample I) by controlled aqueous leaching at 60° and pre- 
cipitated with butan-l-ol. Aqueous leaching of maize 
starch at higher temperatures gave subfractions (IT, III and 
IV) containing anomalous structures (see Table 4). The 
degree of polymerization (DP) was calculated from the 
limiting viscosity number [7] in M-KOH from the relation- 
ship DP = 7-4[y] (Cowie & Greenwood, 1957). 

Enzyme preparations. P-Enzyme was prepared from 
potatoes, either by the method of Baum & Gilbert (1955) 
to the stage before crystallization involving fractionation 
of potato juice with ethanol in the presence of amylose, or 
by a method developed by Dr D. French and Dr H. B. 
Wright using ammonium sulphate to fractionate heat- 
treated potato juice. We are grateful to Dr G. A. Gilbert 
and to Dr Wright for supplying unpublished data. Possible 
contaminants in P-enzyme preparations include «-amylase, 
Q-enzyme, R-enzyme, D-enzyme and phosphatase(s). The 


20 


last two activities could not be detected; «-amylase and 
Q-enzyme could be selectively inhibited, when present, by 
mercuric chloride (30 mm), and R-enzyme by ammonium 
molybdate (0-2%, w/v) and one or both inhibitors were 
added to the polysaccharide—P-enzyme digests (cf. Bailey, 
Thomas & Whelan, 1951). The unit of P-enzyme activity is 
that defined by Green & Stumpf (1942). 

Phosphorolysis experiments. Digests were prepared con- 
taining polysaccharide (about 20 mg.), 0-5m-sodium phos- 
phate buffer (pH 6-0; 2 ml.), P-enzyme (about 7 units), in- 
hibitors (1 or 2 ml.) and water to a final vol. of 10 ml. After 
incubation at 35° in the presence of toluene, samples (2 ml.) 
were removed at intervals for the estimation of «-p- 
glucosyl phosphate. With 0-3 unit of P-enzyme/mg. of 
amylopectin [conditions similar to those used by Peat et al. 
(1952)],  phosphorolysis was complete within 24 hr. 
Assuming 50% phosphorolysis, the ratio inorganic phos- 
phate:ester phosphate is about 15:1, a value greatly in 
excess of that (6-7:1) at the equilibrium of the phosphoro- 
lytic reaction at pH 6-0 (Hanes, 1940). 


RESULTS 
Action on amylopectin 


Waxy-maize starch was rapidly degraded on 
incubation with P-enzyme. Under standard condi- 
tions, conversions into «-D-glucosyl phosphate 
after 2, 4 and 24hr. were 31, 38 and 45% re- 
spectively. On addition of fresh P-enzyme to the 
digest (final concentration 0-55 unit/mg.) no 
further phosphorolysis occurred within 24 hr., indi- 
cating that enzyme action was complete. The 
results obtained with two other amylopectin 
samples are recorded in Table 2. 


Action on glycogen 


Under the standard conditions, the rate of phos- 
phorolysis of glycogen (from Mytilus edulis V1) 
was extremely slow, and enzyme action was in- 
complete. After 2, 4 and 24hr. the degradation 
was 6, 7 and 9% respectively, and on increasing 
the enzyme concentration (to 0-57 unit/mg.) the 
degree of phosphorolysis increased to 11% after a 
further 24hr. Although the conditions of phos- 
phorolysis were then varied, a true limit could not 
be obtained. For example, in two digests contain- 
ing (a) glycogen (1-3mg./ml.) and P-enzyme 
(0-83 unit/ml.), (b) glycogen (1-0 mg./ml.) and P- 
enzyme (0-62 unit/ml.), the conversion into «-D- 
glucosyl phosphate was (a) 14, (b) 16% after 96 hr. 
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The rate of phosphorolysis was not appreciably 
altered by increasing the relative enzyme concen- 
tration from 0-3 to 0-6 unit/mg. of glycogen. 
Similar results were obtained with glycogen from 
various biological sources, and P-enzyme prepared 
by either of the two methods, and are summarized 
in Table 3. However, Fischer & Hilpert (1953) and 
W. J. Whelan (personal communication) were 
unable to demonstrate any phosphorolysis of other 
glycogen samples. 


Action on amylose and oxygen-treated amylose 


Peat et al. (1952) reported that the action of 
both B-amylase and P-enzyme on potato amylose 
veased at about 70% conversion into maltose and 
s-D-glucosyl phosphate resepectively; this indi- 
tates the presence of a small number of anomalous 
structures in the amylose. Cowie e¢ al. (1957) 
showed that potato amylose was heterogeneous 
with respect to both molecular structure and size. 
By aqueous leaching an amylose fraction (40% by 
weight) with DP 1800 and f-amylolysis limit 99% 
could be obtained. The residual amylose had DP 
about 6000 and f-amylolysis limit 50% and 
apparently contained all the anomalous structures. 





The controlled aqueous leaching of starch thus 
yields an ideal substrate for examining the effect of 
oxygen treatment. 

From maize starch the amylose had DP 1070 
and f-amylolysis limit 98%, and from potato 
starch DP 2150 and f-amylolysis limit 99%. Both 
samples were therefore devoid of anomalous 
structures. 

The maize amylose was heated in 0-5N-sodium 
hydroxide solution in an atmosphere of oxygen for 
20 min. at 98°. The product isolated as the butan- 
1-ol complex had DP 145 and a B-amylolysis limit 
of 87 %. This treatment had therefore caused con- 
siderable degradation of the amylose molecule and 
also introduced some ‘barriers’ to B-amylase. On 
incubation with P-enzyme (with 0-6 unit/mg. of 
amylose) the iodine-staining power of the substrate 
(E680 m,) fell by 81%, and the conversion into «-p- 
glucosyl phosphate was 73%. By contrast, P- 
enzyme caused a 97 % decrease in the extinction of 
the untreated amylose. Barriers to P-enzyme 
action had therefore also been introduced. 

The experiment was repeated with potato amy- 
lose, but with milder conditions of oxygen treat- 
ment. Enzyme action was followed by measure- 


Table 3. Action of P-enzyme on glycogens 


Glycogen Average chain 


sample length* (%)t 
Rabbit liver I 13 3 
Rabbit liver V 14 ll 
Helix pomatia I 7 5 
Human liver 14 16 
Mytilus edulis VI 13 9 
Phytoglycogen A 13 19 
Trichomonas foetus 15 17 
Yeast (brewer’s) 13 21 


* Determined by periodate oxidation. 


Phosphorolysis 


B-Amylolysis Exterior chain ¢-Limit 
limit (%) length (%) 
25 5-6 ia 
51 9-10 32 
37 4 20 
46 9 — 
46 8-9 28 
50 9 — 
60 11-12 31 
ay 8 31 


+ Conversion into «-p-glucosyl phosphate after incubation for 24-48 hr., with 0-3-0-9 unit/mg. of glycogen. 





Table 4. 


Measurement of degradation of amylose by iodine-staining and other methods 


Conversion into 


Period of Fall in a-D-glucosyl 
degradation Eso mp phosphate 
Sample (hr.) (%) (% 
Phosphorolysis 
Maize amylose IT 4 85 75 
22 95 85 
48 95 85 
Maize amylose IIT 24 95 82 
B-Amylolysis 
Conversion into 
maltose 
o/ 
70) 
Maize amylose IV 6 93 82 
Maize amylose IV 6 88 77 


(after oxygen treatment)* 


* 20 min. in 0-5M-potassium hydroxide at 98°. 
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Table 5. Properties of amylose samples 


Conditions of treatment 


A 





Sample Atmosphere pH 
Initial = — 
1 Oxygen 9-0 
2 Nitrogen 9-0 
3 Oxygen 7-0 

4 Oxygen Water 
5 Oxygen 9-0 


* 
Time P-limit 
(min.) [7] (%)* 
— 290 98 
30 240 83 
30 280 97 
30 260 88t 
180 250 91 
70 = 92 . 


* Digests contained 10-12 mg. of amylose and 5-6 units of P-enzyme in a total volume of 10 ml. 


+ B-Amylolysis limit, 94%. 





ment of the «-p-glucosyl phosphate liberated 
rather than by the facile iodine-staining method. 
The latter will give erroneous results, as shown in 
Table 4, since the iodine complexes of short-chain 
amyloses (DP < 50) produced by multi-chain 
degradation (cf. Whelan & Bailey, 1954) towards 
the later stages of the reaction do not show maxi- 
mum absorption at 680 my. [The iodine-staining 
method as applied to B-amylolysis also gives higher 
results than that from measurement of the pro- 
duction of maltose (Cowie et al. 1957).] 

An aqueous solution of potato amylose was 
divided into five equal portions (about 100 mg. of 
polysaccharide in 25 ml. of water), B.D.H. (British 
Drug Houses Ltd.) Universal buffer (a mixture of 
sodium borate, phenylacetate and phosphate), 
pH 7-0 or 9-0, or water (10 ml.) added and heated to 
98° for varying times in the presence of oxygen or 
nitrogen. The amylose samples were then twice 
precipitated as the butan-1l-ol complex. The limit- 
ing viscosity numbers aud phosphorolysis limits 
are recorded in Table 5. 

The results show that even a 30 min. treatment 
of amylose in oxygen at pH 7-0 has a marked 
effect on the phosphorolysis limit and limiting 
viscosity number; at pH 9-0 the effect is greater. 
In the presence of nitrogen there is no significant 
change in either molecular size or phosphorolysis 
limit. 


DISCUSSION 


Phosphorolysis of amylopectin and glycogen 


The present studies show that amylopectin is 
rapidly attacked by P-enzyme with the production 
of 33-45% of «-p-glucosyl phosphate and a, resi- 
dual dextrin (P-dextrin). This is in good agreement 
with the results of Bourne, Sitch & Peat (1949). 
The smallest linear maltosaccharide that is readily 
degraded by P-enzyme is maltopentaose (W. J. 
Whelan & J. M. Bailey, personal communication) ; 
however, calculation shows that the exterior chain 
‘stubs’ in the P-dextrin contain about six glucose 
residues. The presence of «-1 -> 6-glucosidic inter- 
chain linkages clearly represents a considerable 


hindrance to the P-enzyme-substrate reaction. 
This contrasts with f-amylolysis, where the 
exterior chain ‘stubs’ in a f-dextrin probably 
contain two or three glucose residues, and malto- 
triose is slowly attacked. 

The degradation of glycogen by P-enzyme is slow 
and is limited to 3—-21% conversion into «-pD- 
glucosyl phosphate, corresponding to the loss, on 
the average, of only 0-5—3-0 glucose residues/chain. 
It follows that only a proportion (presumably the 
longest) of the exterior chains are attacked. The 
resistance of glycogen to extensive P-enzyme 
action may be correlated with the relatively short 
outer chain (about 8 glucose residues for many 
glycogens, compared with about 16 for amylo- 
pectin) and with the compact nature of the interior 
of the molecule, which must prevent penetration of 
the enzyme. The latter factor has been used to 
explain the inability of R-enzyme to attack most 
glycogen samples (Peat, Whelan, Hobson & 
Thomas, 1954). 

The results in Table 3 emphasize a little-known 
difference between plant and animal phosphory]- 
ases, since the latter catalyses a rapid degradation 
of glycogen to give 20-40 % conversion into «-D- 
glucosyl phosphate. Further, a true limit dextrin 
($-dextrin) can be obtained, and enzyme action 
apparently ceases when ‘stubs’ of four glucose 
residues have been produced (Walker & Whelan, 
1960). P-enzyme and muscle phosphorylase also 
differ in regard to primer specificity, requirement 
for activators, molecular weight and chemical 
composition (Lee, 1960; Manners, 1961), although 
both enzymes catalyse the same basic reaction. 

It is concluded that P-enzyme, unlike - 
amylase and muscle phosphorylase, cannot be used 
as a structural tool for the analyses for glycogen- 
type polysaccharides. Nevertheless, the degree of 
degradation of a polysaccharide by P-enzyme may 
enable a glycogen-type polysaccharide to be differ- 
entiated from one of amylopectin-type. For 
example, Floridean starch is readily degraded (28— 
35%) by P-enzyme (Fleming, Hirst & Manners, 
1956), whereas the rate and extent of degradation 


20-2 
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of sweet-corn phytoglycogen are low. This would 
suggest that the algal polysaccharide is more 
closely related to the plant amylopectins and the 
latter to the animal glycogens. These conclusions 
are in accord with those from studies on the 
absorption spectra of the iodine complexes of these 
polysaccharides (Archibald e¢ al. 1961), and of the 
interaction of these polysaccharides with concana- 
valin A (D. J. Manners & A. Wright, unpublished 
work). 
Phosphorolysis of amylose 


Baum et al. (1956) examined the phosphorolysis 
of four samples of amylose. Unfractionated 
amylose ([7] 309) and acid-treated amylose ([7] 102) 
were degraded 90 and 93 % respectively as measured 
by iodine-staining. In contrast, amylose treated 
with oxygen in 0-5M-sodium hydroxide solution at 
95° for 20min. had [yn] 113 and phosphorolysis 
limit of 81%, whereas treatment in phosphate 
buffer (pH 7-1) at 95° for 8-75 hr. gave a product 
with [7] 98 and phosphorolysis limit 67%. These 
authors concluded that barriers to P-enzyme 
action can be introduced by molecular oxygen, and 
also that such structural anomalies are not present 
to any appreciable extent in native amylose. How- 
ever, it is likely that the 90-93% degradations 
reported above do not represent complete degrada- 
tion of the substrate, and that some structural 
anomalies are, in fact, present in native amylose. 
First, the iodine-staining method of analysis is not 
accurate when the later stages of amylose break- 
down is being examined (see Table 4 and Results 
section) and, secondly, native amylose prepared 
under oxygen-free conditions still contains barriers 
to B-amylase (Cowie et al. 1957). The nature of these 
barriers is not yet known but they are unlikely to 
be oxidized glucose residues. These difficulties 
have been avoided by the use of a completely 
linear amylose substrate, and estimation of the 
product of phosphorolysis. 

Our results show clearly that oxygen treatment 
of amylose in either neutral or alkaline conditions 
(a) modifies a small number of «-1 —> 4-linked 


\ \ : r y ££ 
Yv Y Y 
0030-02 -2_ o_O 
t+ RB + RB RRR 
i 1 
Fig. 1. Degradation of modified amylose by P-enzyme and 
B ), «-1—>4-Linked glucose residue; @, «-1-—> 4- 
linked oxidized glucose residue; +, linkage susceptible 
to f-amylase; R, linkage resistant to B-amylase; ; 


-amylase. 


yy? 


linkage susceptible to P-enzyme; r, linkage resistant to 
P-enzyme. 


glucose residues so that they become resistant to 
P-enzyme, and also to B-amylase, (b) causes the 
rupture of a few «a-l1 > 4-glucosidic linkages. The 
latter reaction is more pronounced in alkaline 
solution. Under the mild conditions reported in 
Table 5 it is probable that, on the average, not 
more than one glucose residue or glucosidic 
linkage/amylose molecule is affected. The present 
findings are in contrast with an earlier conclusion 
(Cowie et al. 1957) that oxygen treatment had 
no effect on the f-amylolysis limit of amylose. 
In these experiments a f-amylase preparation 
containing Z-enzyme was used; the latter has 
since been shown to be a trace of «-amylase 
(Cunningham, Manners, Wright & Fleming, 1960) 
and it is now evident that its presence caused 
erroneous f-amylolysis limits. The conclusion of 
Cowie et al. (1957) is therefore withdrawn, and 
our new findings are in general agreement with 
those of Baum et al. (1956) and Gilbert (1958). 
Banks, Greenwood & Thomson (1959) have also 
independently re-examined the effect of oxygen 
treatment on the B-amylolysis limit of amylose and 
likewise have concluded that barriers may be intro- 
duced by this treatment. The exclusion of oxygen 
is therefore an essential condition during the pre- 
paration of amylose from whole starch. 

The extent of degradation of an oxygen-treated 
amylose by P-enzyme and f-amylase is not 
identical. This may be related to the stepwise 
removal of adjacent glucose residues by P-enzyme, 
whereas f-amylolysis involves the hydrolysis of 
alternate linkages. The reported presence of 
nigerose in B-amylolytic digests of Floridean starch 
(Peat, Turvey & Evans, 1959) suggests that the 
action of B-amylase is not necessarily inhibited by 
the presence in the substrate of linkages other than 
the «-1 — 4-glucosidic-type. The structure shown 
in Fig. 1 would be expected to be resistant to P- 
enzyme, but the susceptibility to B-amylase would 
depend on whether the anomalous residue was 
situated at an odd or even number of residues from 
the non-reducing end-group. 


SUMMARY 


1. The action of P-enzyme (potato phosphory]- 
ase) on amylopectin, glycogen and a subfraction of 
amylose has been investigated. 

2. Amylopectins are readily attacked but the 
extent of degradation (33-45 %) is less than that of 
B-amylolysis. P-Enzyme has only limited action 
on glycogen (3-21 %) and hence differs from muscle 
phosphorylase. 

3. Oxygen treatment of amylose in either 
neutral or alkaline conditions causes a decrease in 
both degree of polymerization and phosphorolysis 
limit. 
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4. The action patterns of P-enzyme and f- 
amylase are compared. 


The authors are grateful to Professor E. L. Hirst, F.R.S., 


for his interest in this work, and to the Department of 


Scientific and Industrial Research for maintenance 
allowances to A.M.L. and A.W. 
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Individual strains of mycobacteria may produce 
a large number of complex lipids and it is therefore 
of interest, from the point of view of strain identi- 
fication, to inquire whether or not certain of these 
lipids are produced only by organisms of a parti- 
cular type or species. 

Randall & Smith (1953) isolated a previously 
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ment, Porton, Wilts., England. 





unknown lipid from three strains of Mycobacterium 
bovis by adsorption chromatography. The sub- 
stance was characterized by a distinctive infrared 
spectrum and was shown in this way to be absent 
from nine strains of Mycobacterium tuberculosis (see 
also Smith, Harrell & Randall, 1954). Moreover, 
Randall & Smith (1953) found that the lipids of 
two strains of M. tuberculosis could be distinguished 
one from the other by the combined techniques of 
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adsorption chromatography and infrared spectro- 
scopy (see also Kubica, Randall & Smith, 1956). 
Further application of these techniques led to the 
discovery of two additional specific lipids, one 
produced only by strains of Mycobacterium avium, 
the other produced only by photochromogenic 
acid-fast bacteria (Smith, Randall, Gastambide- 
Odier & Koevoet, 1957). The species-specific 
character of these lipids was confirmed (Smith, 
Randall, MacLennan, Putney & Rao, 19606) by an 
examination of 70 strains of mycobacteria. These 
included M. tuberculosis, M. bovis and M. avium, 
photochromogens and non-photochromogens of the 
‘atypical’ acid-fast group (Runyon, 1955, 1959) 
and a number of other species of mycobacteria. 

It is now known that these specific substances are 
glycolipids that contain characteristic O-methy]- 
ated 6-deoxyhexoses in glycosidic linkage (Mac- 
Lennan, Smith & Randall, 1960; Smith e¢ al. 19605), 
and the general name of ‘mycoside’ has been pro- 
posed for them (Smith, Randall, MacLennan & 
Lederer, 1960a). The lipid moiety of mycoside A, 
the characteristic mycoside of photochromogenic 
strains, contains mycocerosic acid (see Noll, 1957) 
and an aromatic alcohol in ester linkage. Similarly, 


the lipid moiety of mycoside B, characteristic of 


M. bovis, contains a phenolic alcohol esterified with 
either mycocerosic acid or with a branched-chain 
acid of lower molecular weight (Smith et al. 1957, 
1960a, 6b). Mycosides A and B do not contain 
nitrogen or phosphorus. 

The present paper reports the occurrence and 
tentative identification of sugars in mycosides A 
and B. A preliminary report has already appeared 
(MacLennan et al. 1960). 


MATERIALS AND METHODS 


Bacteria. The strain of M. bovis, BCG-Phipps was ob- 
tained from Dr Max Lurie, Phipps Institute, Philadelphia, 
Pa., U.S.A. The photochromogenic strain, P-8, was pro- 
vided by Dr E. Runyon, Veterans Administration Hospital, 
Salt Lake City, Utah, U.S.A. 

Cultivation of bacteria. Organisms were grown at 37° in 
static culture in the medium of Wong & Weinzirl (1936). 
Cultures of P-8 were harvested at between 30 and 46 days, 
cultures of BCG-Phipps at 42 days. 

Extraction of lipids. Lipids were extracted with ethanol— 
ether, washed, filtered and dried, as described in detail by 
Smith et al. (1960b). 

Adsorption chromatography on columns. For the prepara- 
tion of alumina an aq. 40% (w/v) NaOH soln. was added 
dropwise to an aq. 30% (w/v) Al,(SO,),,18H,O soln. until 
a faint permanent precipitate formed. A large excess of 
aq. NH, (sp.gr. 0-88) was then added. The precipitate was 
washed with tap water until free from NH, and then 
washed, successively, with four changes each of distilled 
water, methanol and ether. Finally, the preparation was 
heated at 100° for 1 hr. 
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Silicic acid was prepared by pouring commercial sodium 
silicate soln.—water (1:1, v/v) into an excess of 4n-HCl. The 
precipitate was washed and heated as described for 
alumina. 

Hyflo Super-Cel (Johns—Manville Co., New York, N.Y.) 
was washed successively with methanol and CHCl,, then 
dried at 100°. It was mixed intimately with the adsorbents 
before these were packed into columns. 

Adsorption chromatography on glass-fibre sheets. Sheets of 
glass-fibre paper (no. X-934-AH, H. Reeve Angel and Co. 
Inc., 52 Duane Street, New York, N.Y.; the Whatman 
glass-fibre filter paper GF/A has similar properties) 
measuring 18 cm. x10 cm. were impregnated with silicic 
acid as described by Brown, Yeadon, Goldblatt & Dieckert 
(1957); or with alumina by the method used by Bush 
(1952) for the impregnation of paper, except that cold aq. 
30% (w/v) Al,(SO,)3,18H,O soln. was used and CaCl, was 
omitted from the washing procedure. 

The impregnated papers, whether treated with alumina 
or silicic acid, were washed in running tap water and then, 
successively, in three changes each of distilled water, 
methanol and ether. 

The adsorbent sheets, or 16 cm. x 2 cm. strips cut from 
them, were spotted with 50-200yug. amounts of lipids 
(contained in about 10 yl. of CHCl, soln.) on a starting line 
drawn 2-5 cm. from the bottom of the paper. The papers 
were stood in a 1 cm. depth of solvent (benzene, CHCI,, 
methanol, and mixtures of these solvents) until the solvent 
front reached the upper edge of the paper. The time taken 
was normally 20 min. for alumina and 1-2 hr. for silicic 
acid. The papers were then dried in air, sprayéd with aq. 
50% (v/v) H,SO, and heated to dryness over a hot plate. 
Black deposits revealed the location of organic matter. 
Except in detail the method is that described by Dieckert & 
Reiser (1956) and Brown et al. (1957). 

The reproducibility of Ry, values from batch to batch of 
impregnated papers was poor. The practice was therefore 
introduced of using only those batches of paper which had 
the same degree of impregnation, as determined by direct 
weighing of equal areas, and the same adsorptive be- 
haviour, as measured by the order and degree of separation 
of five Brockmann alumina standardization dyes. 

Paper partition chromatography. Descending chromato- 
grams were run on Whatman no. | paper and sprayed when 
the solvent front had travelled about 50cm. from the 
starting line. 

Paper electrophoresis. The method used was that de- 
scribed by Foster (1952) but without a special cooling 
mechanism. 

Determination of 6-deoxyhexoses. The H,SO,—cysteine 
method of Dische & Shettles (1948) was used. In examining 
the specificity of this reaction (see below) both 3 and 10 min. 
heating periods were used and the tubes were read at 2 and 
24 hr. (see Dische & Shettles, 1948). 

By means of the H,SO,-cysteine reaction the amounts of 
6-deoxyhexose in the mycosides were determined. Solu- 
tions of the mycosides in CHCl, were evaporated to dryness 
in tubes on a water bath. Water (1 ml.) was added and the 
test performed in the usual manner. The mycosides are 
immiscible with water but despite the heterogeneous 
hydrolysis system 10 min., or even 3 min., was an adequate 
heating period. 

Infrared spectroscopy. Dry lipid samples were pressed to 
a suitable thickness on salt plates. The spectra were re- 
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corded over the 2-15 region on a Perkin-Elmer double- 
beam spectrophotometer, model 21. Full details have been 
presented elsewhere (Smith et al. 19605). 


RESULTS 
Isolation of the mycosides 


Mycosides A and B can be isolated from crude 
extracts by chromatography on columns of Mag- 
nesol (Smith e¢ al. 19606) or of silicic acid, pre- 
ferably after a preliminary purification by precipi- 
tation at low temperature from solution in a 
chloroform—methanol mixture or by passage 
through an alumina column. 

The progress of purification can be followed con- 
veniently by infrared spectroscopy. The aromatic 
moieties of the mycosides contribute a distinctive 
infrared-absorption band at 6-6 to their spectra, 
so that the intensity of this band roughly indicates 
the proportion of mycoside present in a sample. As 
purification proceeds so the other characteristic 
features of the mycoside spectra appear. 

Mycoside A. The method described by Smith 
et al. (1954) for the purification of mycoside A was 
followed, in general; a 10% (w/v) soln. of P-8 
‘total lipid’ (10-3 g.) in chloroform—methanol (1:1, 
v/v) was left at 5° overnight. The precipitate that 
formed was discarded and the supernatant fluid 
cooled to — 30° and left overnight. The precipitate 
(4-1 g.), enriched in mycoside A, was dissolved in 
chloroform (300 ml.) and silicic acid powder 
(100 g.) was added. The mixture was gently stirred 
for 24 hr. and filtered under suction. The residue 
was washed with chloroform (100 ml.) at the pump 
and then gently stirred in chloroform—methanol 
(300 ml.; 9:1, v/v) for 24hr. After filtering and 
washing with the same solvent (100ml.), the 
combined filtrates were evaporated to dryness. The 
dry lipid (1-5 g.) was dissolved in the minimum 
volume of chloroform and chromatographed with 
this solvent as developer on a column of silicic 
acid—Hyflo Super-Cel (1:1, w/w; 40 g.). After the 
emergence from the column of about 700 mg. of 
impurity, a fraction (700 mg.) rich in mycoside A 
was obtained. This was rechromatographed as 
before to yield 330mg. of ‘good’ mycoside A. 
The material was dissolved in 2—3 ml. of chloroform 
and 50 ml. of methanol was added. The mixture was 
refluxed and then left at —30° overnight. The 
heavy flocculent precipitate that formed was 
filtered off, dissolved in chloroform and evaporated 
to dryness. The material was a hard, sticky, almost 
transparent solid that dried from solution in 
chloroform with a characteristic puckered surface. 
Mycoside A had m.p. 109°; [«]}?}—37+1° in 
chloroform (c, 1) (Found: C, 72:6; H, 10-8; OMe, 
8-5 %). Nitrogen and phosphorus were not detected. 
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The mol.wt. (Rast) was roughly 1000. Fig. 1 (a) 
shows the infrared spectrum. The supernatant fluid 
from the second —30° precipitation yielded a 
yellow material, otherwise resembling mycoside A, 
on evaporation. The infrared spectrum was in- 
distinguishable from that of mycoside A. 

Mycoside B. An ethanol-ether extract (1 g.) of 
strain BCG-Phipps was dissolved in the minimum 
volume of chloroform—methanol (99:1, v/v) and 
chromatographed in this solvent on a column of 
alumina—Hyflo Super-Cel (1:2, w/w; 50g.). A 
fraction (150 mg.) rich in mycoside B was collected 
and applied to a column of silicic acid—Hyflo 
Super-Cel (1:1, w/w; 40g.). The column was 
developed first with chloroform and then with 
chloroform—methanol (99:1, v/v). Mycoside B 
(70 mg.) emerged in the second solvent; it dried as 
a wax with a pearly translucence. It had m.p. 23°; 
[a]? — 26 + 1° in chloroform (c, 1) (Found: C, 77:1; 
H, 12-3; OMe, 4:0%). Nitrogen and phosphorus 
were not detected. The mol.wt. (Rast) was roughly 
1000. Fig. 1 (6) shows the infrared spectrum of 
mycoside B. 


Chromatographic test for homogeneity 


Samples (50 yg.) of the mycosides were spotted 
on silicic acid-impregnated strips of glass-fibre 
paper and these were developed as chromatograms 
in stoppered tubes containing a range of benzene— 
chloroform and chloroform—methanol mixtures. 
Fig. 2 illustrates the relationship of R, to solvent 
composition. In chloroform containing 0-1—1-0% 
(v/v) of methanol the Rk, of mycoside B wasalways 
greater than that of mycoside A. When mixtures of 
the mycosides were chromatographed in chloro- 
form—methanol (99:1, v/v) two distinct spots were 
obtained; the Ryaycosiae 8 Of mycoside A was 0-5—0-7 
in this solvent. 

Mycoside B gave no indication of inhomogeneity 
in any of the solvents tested but mycoside A gave 
two spots, one strong and one weak, estimated as 
roughly 5% of the total, in chloroform containing 
0-5-2:0 % (v/v) of methanol. Samples of the two 
components were isolated by elution with chloro- 
form—methanol (9:1, v/v) from silicic acid chro- 
matograms. The infrared spectrum of the slower, 
weak component differed in certain respects from 
that of the main component (mycoside A), although 
there was an overall similarity. When the major 
component was rechromatographed it gave a single 
spot indicating that the slower material did not 
arise from breakdown of mycoside A on the ad- 
sorbent. 

The relative mobility of mycosides A and B on 
silicic acid was reversed on alumina-impregnated 
glass-fibre paper, although the substances migrated 
in the same range of solvent composition. 





312 A. P. MacLENNAN, H. M. RANDALL AND D. W. SMITH 1961 


On chromatograms impregnated with either 
adsorbent the R, values of the mycosides fell 
sharply and continuously in chloroform—methanol 
mixtures containing more than 50% (v/v) of 
methanol. This effect could be attributed only in 
part to the low solubility of the mycosides in 
methanol as it did not occur on unimpregnated 
glass-fibre paper until the methanol concentration 
reached 90% (v/v). 


Sugar components of the mycosides 


Samples of the mycosides were hydrolysed with 
n-sulphuric acid in sealed ampoules at 100° for 
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16 hr. The water-soluble fraction was then removed 
and the residual lipid hydrolysed again in the same 
manner. The pooled water-soluble fractions from the 
two hydrolyses were extracted twice with chloro- 
form and then neutralized with barium hydroxide, 
centrifuged to remove barium sulphate, and evapor- 
ated to dryness im vacuo at room temperature. The 
syrup thus obtained was examined by the conven- 
tional methods of paper chromatography. The p- 
anisidine hydrochloride reagent (Hough, Jones & 
Wadman, 1950) revealed three sugars in mycoside 
A, but only one of these in mycoside B. It will be 
convenient to refer to these sugars as the X, Y (in 
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Fig. 1. Infrared-absorption spectra of mycobacterial glycolipids. (a), Mycoside A; (b) mycoside B. 
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mycoside B also) and Z sugars, in order of increas- 
ing R values. The three spots obtained with p- 
anisidine were of roughly the same intensity but 
those of X and Y had a reddish-brown colour, 
whereas Z gave a green—brown spot. The R values 
of all three sugars (Table 1) were sufficiently high 
to exclude from consideration all of the aldopen- 
toses, aldohexoses and aldoheptoses and the 
common ketoses and deoxy-sugars. 

The transient red colour reaction given by the 
mycoside sugars with a vanillin—perchloric acid 
spray reagent (Godin, 1954; Lambou, 1957; 
MacLennan, Randall & Smith, 1959) suggested 
that they were derivatives of one or more 6- 
deoxyhexoses. Spray reagents of broad specificity 
such as ammoniacal silver nitrate (Partridge, 1946) 
did not reveal substances other than the mycoside 
sugars in the water-soluble fraction of acid hydro- 
lysed mycosides A and B and, since this fraction 
also contained the greater part of the methoxyl 
(Zeisel) originally present in the mycosides them- 
selves, it appeared very probable that the X, Y 
and Z sugars were alkyl ethers of 6-deoxyhexoses. 
This interpretation was supported by the apparent 
stability of the sugar substituent to treatment with 
alkali. A sample of mycoside A (68 mg.) was 
heated with propan-2-ol (6-5 ml.), water (0-1 ml.) 
and potassium hydroxide (130 mg.) for 1 hr. under 
reflux in an atmosphere of nitrogen (Noll & Bloch, 
1955). Much of the mycoside remained unsaponi- 
fied after this treatment and subsequent acid 
hydrolysis liberated the three sugars as before. 

Variation of the period of acid hydrolysis did not 
reveal additional sugars. Samples of the mycosides 
were hydrolysed with n-H,SO, for }hr. at 100°. 
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Water-soluble products were removed and fresh 
acid was added to the lipid residue. Hydrolysis was 
renewed for 4hr., and again for periods of 8 hr. 
and 24 hr., removing the water-soluble products at 
each stage. Paper chromatography-of the products 
from mycoside A revealed that at }hr. a pre- 
ponderance of the X sugar was present, Y and Z 
being low or absent, whereas in the final hydro- 
lysate the X sugar could not be detected and Z was 
in excess of Y. Since it had been shown (above) 
that the three sugars were present in mycoside A 
in roughly equal amounts these observations 
suggest that the sugars were released at different 
rates by acid hydrolysis. For mycoside B the Y 
sugar was detected at all stages of hydrolysis but 
X and Z were absent. 


Isolation of the mycoside sugars 


An additional sample of mycoside A was pre- 
pared from 12 g. of pooled ethanol-ether extracts 
from a number of photochromogenic strains. This 
sample, prepared by chromatography successively 
on alumina and on silicic acid columns as described 
above for mycoside B, gave an infrared spectrurn 
indistinguishable from Fig. 1 (a) and yielded on 
hydrolysis three sugars chromatographically identi- 
cal with those previously found. 

The water-soluble fractions from four successive 
16 hr. hydrolyses of mycoside A (380 mg.) were 
pooled, neutralized, concentrated and applied as a 
band along sheets of Whatman no. 1 paper that had 
previously been washed by running as chromato- 
grams with distilled water as developing solvent for 
48 hr. The chromatograms were developed with 
butan-1-ol—pyridine—water (6:4:3, by vol.) and the 
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Fig. 2. Diagram illustrating variation of Ry values of mycosides A and B when chromatographed in various 
solvent systems on glass-fibre sheets impregnated with silicic acid. @, A, M, Replicate determinations of 
mycoside A; O, A, 0, corresponding replicates of mycoside B. 
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allose and 6-deoxy-L-idose gave 150-180%, and 


three sugars eluted separately with water after 
determining their location on the chromatograms by 
spraying marker strips with p-anisidine hydro- 
chloride reagent. Subsequent chromatographic 
examination revealed that each of the three sugars 
was virtually free from contamination by the 


others. 


Identification of mycoside sugars as 
derivatives of 6-deoxyhexoses 


The X, Y and Z sugars each gave a rapidly 
fading orange-red colour when chromatograms 
were sprayed with a vanillin—perchloric acid 
reagent. An examination of the specificity of this 
reaction showed that six of the eight structurally 
isomeric 6-deoxyhexoses and several methyl 
ethers of rhamnose reacted, whereas the aldo- 
hexoses did not react (MacLennan ef al. 1959). 
Different colour reactions were given by 6-deoxy- 
hexitols, 2-deoxypentoses and 2-deoxyhexoses, 3- 
deoxyhexoses, 2:6- and 3:6-dideoxyhexoses. How- 
ever, it is not certain that the test is entirely 
specific since 6-deoxyketohexoses were not tested 
and it appeared possible that some 7-deoxyaldo- 
heptoses might also react like rhamnose (see 
below). 

In another test for 6-deoxyhexoses (Dische & 
Shettles, 1948) the chromophore formed by the 
reaction of each of the X, Y and Z sugars with a 
sulphuric acid—cysteine reagent resembled that 
formed by rhamnose and by fucose in having an 
absorption peak in the range 370-430 my with a 
maximum at about 400 my. Hexoses do not give 
this reaction and pentoses can be distinguished 
from rhamnose (Dische & Shettles, 1948). The 
ketoses L-rhamnulose and t-fuculose are said to 
resemble rhamnose in the test (Wilson & Ajl, 1957). 

The specificity of the sulphuric acid—cysteine 
reaction was examined further. All eight 6- 
deoxyhexoses were examined but since 6-deoxy-p- 
altrose was available only as 2:3:4-tri-O-benzoyl-6- 
deoxy «-pD-altroside it was tested in this form, by 
using a solution in chloroform as described (above) 
for the intact mycosides. Although the eight 
sugars gave similar absorption curves with maxima 
at about 400 my there were striking quantitative 
differences. When the 396— 426 my value of each 
sugar (30yg.) was read against an L-rhamnose 
calibration curve (20-75 yg.), it appeared that L- 
rhamnose and L-fucose were quantitatively alike, 
whereas 6-deoxy-L-glucose gave 150-180 % of the 
L-rhamnose value and 6-deoxy-D-gulose about 
120%, in agreement with the earlier observations 
of Dische & Shettles (1948) and Gibbons (1955). 
Repeated tests on 6-deoxy-L-talose gave a figure of 
150 % and, with much less certainty because of the 
very small number of tests performed, 6-deoxy-D- 


6-deoxy-D-altrose about 200%. Although 6- 
deoxy-tL-galactitol, 2-deoxy-p-galactose and 2:6- 
dideoxy -D-ribo-hexose did not resemble L-rhamnose 
in reaction (see also Gibbons, 1955) a sample of 7- 
deoxy -L-glycero-L-galacto-heptose was found to 
resemble L-rhamnose qualitatively but gave only 
about 1/15th of the 396 — 426 my value. It is possible 
that other 7-deoxyaldoheptose sugars might react 
more strongly, in view of the known variability 
within the 6-deoxyaldohexose series. 

Mycosides A and B contained 26 and 6% re- 
spectively of 6-deoxyhexose, estimated as _ L- 
rhamnose. The addition of a tenfold excess of 
phthiocerol dimycocerosate (Noll, 1957), which has 
at least one component in common with the lipid 
moiety of mycoside A, did not interfere with the 
test, beyond producing black specks which it was 
necessary to remove before measuring light- 
absorptions. In another test duplicate samples of 
mycoside A were hydrolysed with N-sulphuric acid 
for 24 hr. at 100°. The products were partitioned 
between chloroform and water and the 6-deoxy- 
hexose content of both fractions was determined. 
Two-thirds of the 6-deoxyhexose found was present 
in the water-soluble fraction but the total 6- 
deoxyhexose value was similar to that found in 
direct determinations on mycoside A, again sug- 
gesting that the lipid moiety did not interfere. 


Demethylation of the mycoside sugars 


Seven methyl ethers having the pyranose ring 
can be formed from each of the eight structurally 
isomeric 6-deoxyhexoses. Many of these sugars 
have not been synthesized and very few have been 
found in Nature. Identification of an unknown 
methyl] ether cannot therefore be entirely based on 
direct comparisons with authentic methyl ethers 
but must depend on an identification of the parent 
unsubstituted sugar, followed by a determination of 
the number and position of the methyl groups. 

The mycoside sugars were demethylated with 
boron trichloride following generally the method of 
Allen, Bonner, Bourne & Saville (1958). An 
aqueous solution of the sugar, equivalent to 1-4mg. 
of dry sugar syrup, was evaporated to dryness in a 
5 ml. round-bottomed Quickfit flask. Dry di- 
chloromethane (0-1—0-2 ml.) was added and the 
flask was cooled to —78° in powdered solid carbon 
dioxide. Boron trichloride was distilled into the 
flask through a Quickfit microdistillation ap- 
paratus, the condenser being cooled with air which 
had passed over solid carbon dioxide. The delivery 
tube from the condenser was drawn to a blunt tip 
within the collecting flask so that the drops of 
condensate delivered (0-1—0-2 ml.) could be counted. 
The final product was dissolved in water, run 
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slowly through a small column (0-5 g. in 5mm. 
internal diam. tubing) of Amberlite MB-3 resin and 
concentrated to small volume before application to 
chromatograms. 


Identification of the 6-deoxyhexoses 


Authentic samples of the eight 6-deoxyhexoses 
were examined by paper chromatography in two 
solvent systems (MacLennan et al. 1959) and by 
paper electrophoresis in borate buffer at pH 9-5 as 
described by Foster (1952). With this combination 
of methods each of the sugars could be distinguished 
with certainty from the others, with the exception 
of the 6-deoxy-p-allose/6-deoxy-p-gulose pair 
which could be distinguished readily from other 
6-deoxyhexoses but not from each other (these 
two sugars can be separated on chromatograms 
with a phenol—water solvent). Fig. 3 illustrates the 
order and degree of separation of the sugars 
achieved by the two methods. Ryyrmnose Values on 
paper chromatograms in two solvent systems have 
been published elsewhere (MacLennan et al. 1959). 
Numerical values have not been assigned to the 
relative mobilities of the sugars on paper electro- 
phoresis because variation in these values was 
greater than on paper chromatograms. However, 
the separations illustrated in Fig. 3 are based on 
comparisons of pairs of sugar examined as mixtures 
and also in adjacent positions on electrophoreto- 
grams. The degrees of separation of the sugars 
were rarely less than those illustrated (Fig. 3). 

The demethylation product of the Y sugar gave 
two spots with the p-anisidine spray reagent on 
paper chromatography and paper electrophoresis. 
One spot was due to unchanged Y sugar, the other 
had R values corresponding to rhamnose. When 
rhamnose was added to demethylated Y before 
testing, the putative rhamnose spot was intensified 
but no new spot was formed. It was concluded 
that the Y sugar is a methyl ether of rhamnose. 

The demethylation product of the Z sugar con- 
tained unchanged Z and rhamnose but a third spot 
was detected, which did not correspond to any of 
the 6-deoxyhexoses. It was subsequently found 
that Z was a dimethyl ether of rhamnose so that 
the unidentified spot was clearly due to a mono- 
methyl ether arising from partial demethylation. 

In a similar manner the demethylation product 
of X was identified as fucose. Unchanged X was 
also present. 


Final identification of the mycoside sugars 


Table 1 records some R values of the mycoside 
sugars and of a number of authentic O-methylated 
sugars, measured in two solvent systems. The 
solvent, containing ethanol, and the reference 
sugar tetramethylglucopyranose were chosen so 
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that R values could be compared with the published 
results obtained when this solvent and reference 
compound were used in a study of 10 methyl ethers 
of fucose (Gardiner & Percival, 1958) and of the 
mono- and di-methyl rhamnopyranoses (Brown, 
Hough & Jones, 1950; Butler, Lloyd & Stacey, 
1955). 

The paper-electrophoretic mobilities of the 
mycoside sugars were compared with those of 
authentic sugar ethers, the criterion for dissimi- 
larity being that a mixture of unknown and 
authentic sugar should give rise to two spots. The 
order of separation of the mycoside sugars on 
paper electrophoresis was the reverse of that on 
paper chromatography. All three sugars were 
slower than rhamnose, itself the slowest of the 6- 
deoxyhexoses. 

Further distinctions among sugars with similar 
R values were made on the basis of colour reactions 
with spray reagents, for example p-anisidine 
(Hough et al. 1950; Brown et al. 1950; Butler et al. 
1955; Andrews, Hough & Jones, 1955). The 
triphenyltetrazolium chloride-sodium hydroxide 


(a) Paper chromatography 


Ry 
increases 
manno oe 
gluco 2 gulo 


allo 
& -altro 
talo 
ido 
(b) Paper electrophoresis 
Towards 
& manno anode 
| 
s Bruce talo 
gulo 
allo 
a 
z altro 


Fig. 3. Order and degree of separation of the 6-deoxy- 
hexoses by paper chromatography (butan-1-ol—pyridine— 
water; 6:4:3, by vol.) and paper electrophoresis (borate 
buffer, pH 9-5). Each of the eight 6-deoxyhexoses is 
denoted by the configurational prefix of the corresponding 
aldohexose, e.g. manno-, 6-deoxymannose; allo-, 6- 
deoxyallose. 
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Table 1. R 


‘rhamnose (Run ) a nd iccseaiesiincmegtanin 


1961 


(Royo) values of methyl ethers of 6-deoxyhexoses 


Solvent 1, butan-l-ol-ethanol—-water (4:1:5, by vol., upper phase); solvent 2, butan-l-ol—pyridine—water 
(6:4:3, by vol.). Chromatograms were sprayed with p-anisidine hydrochloride and heated at 110° for 3-5 min. 


Solvent 1 


Solvent 2 





Rpy 
X and 2-O0-methylfucose 1-32 
3-O-Methylfucose 1-18 
3:4-Di-O-methylfucose 1-60 
Y and 2-O0-methylrhamnose 1-48 
3-O-Methylrhamnose 1-36 
Z and 2:4-di-O-methylrhamnose 1-96 
2:3-Di-O-methylrhamnose 1-92 
3:4-Di-O-methylrhamnose 1-98 
2:3:4-Tri-O-methylrhamnose 2-32 


< ~ c 


Rye Rry Rowe Colour 
0-57 1:18 0:79 Red-—brown 
0-53 — — Green—brown 
0-70 — — Green—brown 
0-65 1-28 0-85 Red—brown 
0-60 — — Green—brown 
0-86 1-46 0-96 Green—brown 
0-83 — — Red—brown 
0-88 — — Green—brown 
0-99 — — Green-—brown 





spray (Wallenfels, 1950; Trevelyan, Procter & 
Harrison, 1950), which reacts only with those 
methylated aldoses in which position 2 is unsub- 
stituted (for references see Gardiner & Percival, 
1958) was of special value. The modified silver 
nitrate spray of Trevelyan et al. (1950) was found 
to react more slowly with 2-O-methyl sugars than 
with the 3-O-methyl compounds. In all tests 
where unknown sugars were compared with 
authentic compounds in their reactions with spray 
reagents, amounts were used which gave an 
intensity of reaction similar to that of the authentic 
sugar with p-anisidine. 

The X sugar. This methyl ether of fucose 
behaved like a sample of 2-O-methylfucose in all 
tests applied. Paper chromatography and electro- 
phoresis clearly distinguished the X sugar from 
3-O-methyl-p-fucose (pD-digitalose) on the basis 
both of R values and colour reaction (Table 1). 
Since the R values for 2- and 3-O-methylfucose and 
for 3:4-di-O-methylfucose (Table 1) are similar to 
those found by Gardiner & Percival (1958) under 
the same test conditions, it can be inferred from 
their data for other methyl ethers of fucose that 
the X sugar is neither a dimethylfucose nor 5-0O- 
methylfucose. The X sugar, unlike 3-O-methyl- 
fucose, did not react with the triphenyltetrazolium 
chloride-sodium hydroxide spray. Since 3:4-di-O- 
methylfucose reacts (Gardiner & Percival, 1958), 
4-O-methylfucose would also be expected to react. 
Therefore it was concluded that the X sugar is 
very probably 2-O-methylfucose. The X sugar 
reacted slowly with silver nitrate (Trevelyan e¢ al. 
1950) as did 2-O-methylglucose and 2-O-methy]l- 
rhamnose but in contrast with the rapidly reacting 
3-O-methy] ethers of glucose, fucose and rhamnose. 

The Y sugar. This methyl ether of rhamnose 
could not be distinguished from 2-O-methylrham- 
nose in any of the tests applied. On paper chro- 
matography and electrophoresis the Y sugar was 
readily distinguished in R from 3-O-methylrham- 
nose and from the three dimethylrhamnopyranoses 


(Table 1). It was therefore believed to be either 
2- or 4-O-methylrhamnose because 5-O-methy]- 
rhamnose would be expected to have a relatively 
high FR in the light of behaviour in the fucose ether 
series (Gardiner & Percival, 1958). The Y sugar 
did not react with the triphenyltetrazolium 
chloride-sodium hydroxide spray and reacted 
slowly with silver nitrate (Trevelyan et al. 1950); 
it was therefore considered to be 2-O-methy]l- 
rhamnose. 

The Z sugar. The high R values and low electrc- 
phoretic mobility of this methyl ether of rhamnose 
suggested that it might be a di-O-methylrhamnose. 
In agreement with this, demethylation yielded not 
only rhamnose but a second product which be- 
haved as a monomethylrhamnose. 

Butler e¢ al. (1955) showed that 2:4- and 3:4-di- 
O-methylrhamnose had similar R values on paper 
chromatograms, whereas’ 2:3-di-O-methylrham- 
nose was distinctly slower and gave a characteristic 
reddish colour with aniline trichloroacetate. On 
paper electrophoresis, on the other hand, both the 
2:3 and 2:4 diethers had low, similar mobilities, 
whereas the 3:4 diether had a high mobility. By 
this combination of methods each of the three 
sugars could be distinguished from the other two. 
The Z sugar was compared in these tests with 
authentic samples of the three sugars and was 
indistinguishable from 2:4-di-O-methylrhamnose. 
Moreover, demethylation of authentic 2:4-di-O- 
methylrhamnose yielded products whose _be- 
haviour on paper chromatography and electro- 
phoresis was identical with those formed from the 
Z sugar. 

The Z sugar and 2:4-di-O-methylrhamnose did 
not react with the triphenyltetrazolium chloride- 
sodium hydroxide spray or with a periodate- 
benzidine spray (Cifonelli & Smith, 1954); 3:4-di- 
O-methylrhamnose reacted with both reagents. 
The reaction of the Z sugar with silver nitrate 
(Trevelyan et al. 1950) was very slow. It was con- 
cluded that the Z sugar is 2:4-di-O-methylrhamnose. 
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DISCUSSION 


Mycosides A and B differ from the majority of 
known mycobacterial lipids in that they are type 
specific (Smith et al. 1957, 19606). A distinctive 
chemical feature is the presence of characteristic 
O-methylated 6-deoxyhexoses. Several sugars of 
this class occur also in a group of glycolipids, 
generically named mycoside C, produced only by 
strains of M. aviwm (Smith et al. 1957, 1960a, b); 
none of these sugars are the same as those found in 
mycosides A and B (A. P. MacLennan, unpublished 
observations). Outside the order Actinomycetales, 
strains of Pseudomonas aeruginosa produce a gly- 
colipid composed of two molecules each of L- 
rhamnose and f-hydroxydecanoic acid (Jarvis & 
Johnson, 1949; Hauser & Karnovsky, 1957). 

The sample of mycoside A used for analysis was 
not pure. It contained an estimated 5% of a 
substance whose infrared spectrum differed in 
certain respects from that of the bulk of the 
material. As mycoside A contains roughly equal 
quantities of its three sugar components, that is to 
say about 8 % of each, it is plain that the impurity 
could not contribute to mycoside A the whole of 
any one of the sugars detected. It can also be said 
definitely that the 2-O-methylrhamnose found in 
mycoside A could not arise from the presence in 
this substance of mycoside B; the two mycosides 
were shown to have distinctly different R values on 
silicic acid-impregnated glass-fibre chromatograms. 

Apart, however, from the presence of a minor 
impurity and the demonstrable absence of myco- 
side B, the question remains whether or not myco- 
side A is a single glycolipid containing three sugars 
or a mixture of glycolipids each containing one or 
more of the three sugars. 

The minimum molecular weights of mycosides A 
and B, calculated from their measured contents of 
6-deoxyhexose, and assuming that each is a single 
molecular species, are 1800 and 2700 respectively. 
These results are at variance with the measured 
molecular weights (Rast) of about 1000 for both 
compounds, but measurements of depression of 
freezing point can give erratic and erroneous 
results in the case of glycolipids (Asselineau, 
Choucroun & Lederer, 1950; E. Lederer, personal 
communication). 

Until 1954 it could be said that only 3-O-methyl 
sugars had been found in Nature (Garrod & Jones, 
1954) but since this time other methylated sugars 
have been discovered in bacteria and other 
organisms. The rhamnose ethers of the mycosides 
A and B have not been found elsewhere in Nature, 
so far as we are aware, but 2-O-methylfucose 
occurs widely in plant tissues (Andrews & Hough, 
1958). 
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The scheme for the identification of O-methyl- 
ated 6-deoxyhexoses presented here relies in the 
first place on the high specificity of the Dische & 
Shettles (1948) test and the vanillin—perchloric 
acid spray reagent (MacLennan ef al. 1959) in 
revealing the class of substituted sugar. The 
technique of demethylation with boron trichloride 
(Allen e¢ al. 1958) applied to samples (1—4 mg.) of 
sugar ether yields sufficient parent sugar to permit 
its identification by a combination of paper chro- 
matography and paper electrophoresis, and may 
also provide information on the degree of methyl- 
ation of the sugar. Other paper-chromatographic 
techniques for distinguishing among the 6-deoxy- 
hexoses and among their 3-O-methyl ethers have 
been reported by Isherwood & Jermyn (1951) and 
by Krauss, Jager, Schindler & Reichstein (1960). 
Finally, information on the number and position of 
substituent methyl groups may be provided by a 
number of specific spray reagents, notably tri- 
phenyltetrazolium chloride—sodium hydroxide (Tre- 
velyan et al. 1950) and _periodate—benzidine 
(Cifonelli & Smith, 1954), coupled with measure- 
ments of chromatographic and _ electrophoretic 
behaviour. 

Mention should be made of the possible relation- 
ship between the mycosides and the previously 
described leprosols (Uyei & Anderson, 1931; 
Crowder, Stodola & Anderson, 1936; Butenandt & 
Stodola, 1939). The leprosols were isolated 
(Crowder et al. 1936) from ethanol—ether extracts 
of an organism originally believed (Uyei & Ander- 
son, 1931) to be the leprosy bacillus. It would now 
be said (Bergey’s Manual, 1957) that the ‘highly 
chromogenic’ organism which ‘grows well on a 
synthetic medium’ was not Mycobacterium leprae. 
Mycoside A and «-leprosol resemble each other in 
their resistance to saponification, their methoxyl] 
content, melting points and ultraviolet-absorption 
spectra. Moreover, the leprosols are reported as 
giving a red colour with a vanillin—-sulphuric acid 
reagent (Butenandt & Stodola, 1939). These 
resemblances have been shown to be very probably 
fortuitous: a sample of normethyl-f-leprosol kindly 
provided by Dr F. H. Stodola did not react in the 
Dische & Shettles (1948) test and its infrared 
spectrum was very different from that of mycoside 
A. Moreover, the leprosols give a positive reaction 
with a ferric chloride reagent, mycosides A and B 
do not (E. Lederer, personal communication). 


SUMMARY 


1. A glycolipid was isolated from ethanol—ether 
extracts of photochromogenic strains of ‘atypical’ 
acid-fast bacteria. It contained 2-O-methyl- 
fucose, 2-O-methylrhamnose and 2:4-di-O-methyl- 
rhamnose. 
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2. Another glycolipid, obtained from a strain of 
Mycobacterium bovis, contained 2-O-methylrham- 
nose alone. 

3. A scheme for the tentative identification of 
small amounts of O-methylated 6-deoxyhexoses is 
described. 
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Nicotinamide Mononucleotide Adenylyltransferase of Pig-Liver Nuclei 
THE EFFECTS OF NICOTINAMIDE MONONUCLEOTIDE CONCENTRATION 
AND pH ON DINUCLEOTIDE SYNTHESIS 
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Kornberg (1948, 1950) found that extracts of 
pig liver catalysed the reaction: 


Nicotinamide adenosine nicotinamide— 
: : , pyrophos- 
wiono- + triphos- = adenine +e 
nucleotide phate dinucleotide P™ 


owing to the presence of nicotinamide mono- 
nucleotide adenylyltransferase (nicotinamide—ade- 
nine dinucleotide pyrophosphorylase). Hogeboom 
& Schneider (1952) and Branster & Morton (1956) 
found that this activity was associated with the 
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nuclear fraction of liver homogenates, and Branster 
(1958) showed that the activity per nucleus was 
essentially the same in intact liver cells as in nuclei 
isolated from the same tissue. Preiss & Handler 
(1958) found that liver nuclei also catalysed the 
reaction 

nicotinic acid— 
adenine 
dinucleotide 


Nicotinic acid adenosine 
mono- + triphos- 
nucleotide phate 


pyrophos- 
phate 


Nicotinamide mononucleotide and nicotinic acid 
mononucleotide are both substrates of purified 
nicotinamide mononucleotide adenylyltransferase 
from pig liver; nicotinic acid mononucleotide is 
also a competitive inhibitor of the formation 
of nicotinamide—adenine dinucleotide (Atkinson, 
Jackson & Morton, 1960; Atkinson & Morton, 
1960). 

Competitive inhibition of this enzyme by ana- 
logues of nicotinamide mononucleotide or nicotinic 
acid mononucleotide affords a possible means of 
control of pyridine nucleotide coenzyme levels in 
tissues (Morton, 1958) and therefore the interaction 
between the enzyme and its substrates has been 
studied. This paper describes the effect of pH and 
of concentration of nicotinamide mononucleotide 
on the rate of formation of nicotinamide—adenine 
dinucleotide and on K,, for nicotinamide mono- 
nucleotide. Preliminary accounts of this work have 
been given (Atkinson, Jackson & Morton, 1958; 
Atkinson et al. 1960; Jackson, 1960). 


EXPERIMENTAL 


Abbreviations. ATP, adenosine triphosphate; NAD, 
nicotinamide—adeninc dinucleotide (a-isomer, a-NAD); 
NMN, nicotinamide mononucleotide. 


Materials 


Nicotinamide mononucleotide adenylyltransferase. The 
nuclear fraction of pig liver was prepared essentially as 
described by Allfrey, Mirsky & Osawa (1957) for thymus 
nuclei. The nuclei were extracted with 0-25Mm-sucrose- 
0:15M-NaCl-0-01 M-sodium phosphate (pH 6-5) for 15 min. 
at 2° and centrifuged for 20 min. at 900g. The washed 
nuclei from 400 g. of fresh liver were diluted to 1-21. in a 
solution containing 0-2m-Na,HPO,—0:1 mm-ethylenedi- 
aminetetra-acetate, stirred for 30 min. at 20° and centri- 
fuged at 3000g for 60 min. The combined supernatant 
(2-9 1.) from several batches of nuclei was brought suc- 
cessively to 5, 15, 30 and 45% (v/v) of acetone at —2° to 
-10°. The precipitate obtained between 15 and 30% of 
acetone was dissolved in water and dialysed against 0-1 mm- 
ethylenediaminetetra-acetate (pH 7) at 2°. The super- 
natant (420 ml.) obtained after centrifuging at 20000 g for 
20 min. at 0-2° contained 69 units (see Methods) of NMN 
adenylyltransferase. The solution was adjusted to pH 7:4 
and the enzyme was adsorbed by two successive additions 
(30 ml.) of calcium phosphate gel (30 mg./ml.). The gel was 
washed twice with 0-02m-sodium phosphate, pH 7-0 
(200 ml.), and the enzyme was eluted with 0-5M-K,HPO, 
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(180 ml.) by stirring for 30 min. at 2°. The eluate (188 ml.) 
contained 50 units of NMN adenylyltransferase; it was 
brought successively to 0-25, 0-45 and 0-60 saturation with 
ammonium sulphate at 4°. Material which was precipitated 
between 0-25 and 0-45 saturation was dissolved in water 
and dialysed for 18 hr. against water. After removal of 
insoluble material at 10 000 g for 20 min. at 2°, the solution 
(19 ml.) contained 22 units of NMN adenylyltransferase 
and 67 mg. of protein. Little activity was lost during 
several months at 2° or -15°. For kinetic studies the 
enzyme was diluted with water just before use. 

Nucleotide pyrophosphatase. This was prepared from 
potatoes essentially as described by Branster & Morton 
(1956) up to the first ethanol precipitate, which was dis- 
solved in water, adjusted to pH 5-0 and centrifuged at 
5000 g for 30 min. at 0°. The supernatant was stored at 2°; 
there was little decline in activity during several months. 

Myosin—-adenosine triphosphatase. This was purified from 
rabbit skeletal muscle as described by Perry (1955). 

Nicotinamide—adenine dinucleotide nucleosidase. This was 
prepared from Neurospora crassa (wild type) according to 
Kaplan (1955); at pH 7-2 and 37° the product hydrolysed 
12 moles of NAD/min./mg. of protein and did not hydro- 
lyse a-NAD. 

Alcohol dehydrogenase. Recrystallized yeast enzyme 
(Sigma Chemical Co.) was dissolved in water to 1 % (w/v) of 
protein before use. 

Adenosine triphosphate. The sodium salt (Sigma Chemical 
Co.) was the same material found by Atkinson, Burton & 
Morton (1961) to be at least 98% pure (based on extinction 
at 259 my) by enzymic and electrophoretic analyses. 

Nicotinamide—adenine dinucleotide. The material from 
Sigma Chemical Co. contained less than 2% of «-isomer, as 
determined by enzymic analysis. About 96% of the 
extinction at 259 mp was due to the B-isomer, estimated 
with alcohol dehydrogenase. The main nucleotide con- 
taminant was adenosine diphosphate ribose. Throughout 
this work, NAD concentration was calculated from the 
increase in extinction at 340 mp (Ae = 6-2 x 10; Horecker 
& Kornberg, 1948) on reduction with ethanol and alcohol 
dehydrogenase (Racker, 1950). 

«-Nicotinamide-adenine dinucleotide. A preparation con- 
taining «-NAD, NAD and NMN in molar proportions 
48:40:12 was generously provided by Dr J. M. Siegel of 
Pabst Laboratories. NAD was removed by hydrolysis with 
the specific nucleosidase. 

Nicotinamide mononucleotide. (a) NAD was hydrolysed 
with nucleotide pyrophosphatase (Kornberg & Pricer, 
1950) until no more alkali was needed to keep the reactants 
at pH 7. The nucleotide was purified by passage through 
Dowex | acetate and Dowex 50 (H*) or Zeo-Karb 225 (H*) 
(Plaut & Plaut, 1954; Haynes, Hughes, Kenner & Todd, 
1957). Dowex 1 chloride was used instead of the acetate in 
purification of NMN used for determining the pK. 

(b) NAD and pyrophosphate were converted into NMN 
and ATP with NAD adenylyltransferase (Kornberg, 1950; 
Klenow & Andersen, 1957); ATP was removed with added 
myosin—adenosine triphosphatase. After purification as in 
(a) NMN was obtained as a single component which ab- 
sorbed light at 254 my after chromatography (R, 0-8) in 
ammonium sulphate—0-1m-sodium phosphate (pH 6-8)- 
propan-l-ol (60:100:2, w/v/v) or electrophoresis in 0-04M- 
sodium citrate (zero net charge at pH 4-2; 0-1 em./v hr./ 
cm. at pH 4-6). The nucleotide contained phosphorus and 
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pentose in molar proportions 1-00:0-96 (see Methods). In 
0-01m-sodium phosphate, pH 7-0, the nucleotide had 
maximum absorption at 265-5 my [e, (4-6+0-1) x 10° based 
on phosphorus content] and inflexions at 260 and 272 mp. 
In m-KCN, 4 min. after mixing the material had maximum 
absorption at 325 my [e, (6-3-+0-1) x 10%]. On hydrogena- 
tion in 0-1 M-2-amino-2-hydroxymethylpropane-1:3-diol at 
37° and at atmospheric pressure with a Pd-—Ba(OH), 
catalyst, this material took up 2-95 mol.prop. of hydrogen. 
An aqueous solution (c, 3-0) had [«]?!-—42°, [a]? - 42°. 
Dr P. T. Gilham (personal communication) has found 
[a] 30008 — (4:4 x 10%)°. Kaplan, Ciotti, Stolzenbach & 
Bachur (1955) found [«]}? — 38° for nucleotide derived from 
yeast, and Haynes et al. (1957) found [«]?? — 24° for material 
prepared from ribose. NMN prepared as in (a) or (b) was 
converted to the same extent into reduced NAD with 
ethanol in the presence of aleohol dehydrogenase and NMN 
adenylyltransferase at pH 9-4. This coupled assay is specific 
for the B-anomer of NAD, as shown by tests with purified 
a-NAD, and indicates the presence of no more than 2% of 
a-anomer in the NMN. 

Buffers and inorganic reagents. These were A.R. grade 
(British Drug Houses Ltd.) except glycylglycine, which was 
laboratory-reagent grade. 


Methods 


Apparent pK of nicotinamide mononucleotide. NMN 
(20 ml., 17 mm) was titrated at 25° with 0-2Nn-NaOH (free of 
CO,) from pH 2-2 to pH 8-0 and with 0-1n-HCl from 
pH 8-0 to pH 3-5. The apparent pK was 6-2+0-05. 

Phosphorus in nicotinamide mononucleotide. Samples 
containing about 20g. of phosphorus were digested with 
a mixture of H,SO,, HNO, and HCIO,. After evaporation 
of the HNO, and HCIO,, the digest was diluted with water 
and boiled for 1 min. to hydrolyse pyrophosphate. After 
addition of p-nitrophenol as indicator, conc. aq. NH, was 
added until the solution was yellow and then 4Nn-HCl until 
the yellow colour just disappeared. Orthophosphate in this 
solution was determined by the molybdate—hydrazine 
procedure (Boltz & Mellon, 1947). 

Pentose in nicotinamide mononucleotide. With Militzer’s 
(1946) orcinol method, low values of ribose were found with 
NMN. However, when solutions of NMN containing 
5-50 ug. of bound pentose in 0-2 ml. were mixed with 
0-025 ml. of about 4m-KCN, subsequent treatment with 
Militzer’s (1946) reagent gave about 97% of the expected 
absorption at 680mm by comparison with arabinose 
standards. Cyanide adducts of nicotinamide nucleotides 
are hydrolysed more readily by acid than are the corre- 
sponding nucleotides. 

Assay of nicotinamide—adenine dinucleotide adenylyltrans- 
ferase. (a) Assay for enzyme preparation. Enzyme (0-6 ml.) 
was added to 0-4 ml. of solution at pH 7-5 and at 37° con- 
taining 4umoles of ATP, 4umoles of NMN, 15 ymoles of 
MgCl, and 150pmoles of glycylglycine. After 10 min., 
1-5 ml. of 0-5N-trichloroacetic acid was added; any pre- 
cipitate which formed was removed by centrifuging at 2°. 
Then 2-0 ml. of the supernatant was mixed in a cell of 
4 em. light-path with 3-0 ml. of solution containing 94 mg. 
of glycine, 50 mg. of NaOH and 0-15 ml. of ethanol; the pH 
was about 9-5. The concentration of NAD was estimated 
from the increased absorption at 340 my (corrected for the 
blank) after addition of 10yl. of alcohol dehydrogenase. 
One unit of NMN adenylyltransferase catalysed synthesis 


of l1ymole of NAD/min. under these conditions. Whereas 
this procedure gave true rates and sufficed for estimation of 
enzymic activity, at lower concentrations of NMN the rate 
of NAD formation decreased with time. With 3-3 mm- and 
1-3 mm-NMN, the apparent reaction rates estimated from 
NAD formed after 5 min. were 97% and 87 % respectively 
of the corresponding apparent rates at 2min. For the 
kinetic studies described here, the procedure (b), in which 
there was a lower proportional conversion of NMN into 
NAD, was used. 

(b) Assay for kinetic studies. A composite buffer (0-8 ml.) 
containing 208 umoles each of acetic acid, succinic acid, 
glycylglycine and glycine adjusted to a suitable pH with 
KOH was mixed with 0-75 ml. of a solution containing 
12umoles of ATP and 45yumoles of MgCl, adjusted to 
pH 6-6 and with 1-2 ml. of NMN. These reactants (in a 
tube, 120 mm. x 15 mm., covered with a polythene sheet) 
were mixed and brought to 25-0°. After addition of 
0-25 ml. of enzyme, the tubes were inverted three times 
within 5 sec. and kept at 25-0° for the assay period (usually 
4 min.). The reaction was stopped with 1-0 ml. of 1-2N- 
trichloroacetic acid; the tubes were inverted as before, 
cooled in ice for several minutes and centrifuged at 2°. Then 
3-5 ml. of the supernatant was mixed with 1-5 ml. of a 
solution containing 164 mg. of glycine, 87-5 mg. of NaOH 
and 0-15 ml. of ethanol in a 4 cm. cell; the pH was about 9-5. 
NAD formed during the reaction period was determined as 
in (a). 

The pH was measured with a glass electrode at 25-0° in 
duplicates of all reaction mixtures used in kinetic studies of 
NAD formation with the adenylyltransferase. Variation of 
pH with concentration of NMN and variation of pH during 
the reaction period were less than 0-02 pH unit. Recovery 
of added NAD in this assay system was 100+-2%. 

With this procedure, the rate of formation of NAD did 
not vary with period of incubation by more than 1% at 
substrate concentrations between 0-14 and 1-4 mm-NMN in 
the range pH 4-97—10-55. 

Rates of NAD formation (v, pzmoles/min./mg. of protein) 
were measured as in (b) above at 5 or 6 concentrations of 
NMN (s, M) at each of 17 values in the range pH 4-97—10-55. 
There was a linear relationship between 1/v and 1/s when s 
was less than 1-5 x 10-*; at higher concentrations there was 
inhibition by NMN, resulting in deviation from linearity. 
To correct for the slight decrease in activity of the adenyly]- 
transferase preparation during the period of several weeks 
necessary for these studies, an assay of activity at pH 7-6 
and at 1-4 mm-NMN was included with each set of reaction 
mixtures. The observed rates were then multiplied by the 
appropriate factor to permit expression of all rates on the 
same basis. 


RESULTS AND DISCUSSION 


Determination of K, and V’ 


The linear relationship between NAD formation 
and reaction time even at extremes of pH and at 
low substrate concentrations permitted estimation 
of true initial rates in all conditions used. In 
replicate determinations at a single pH and sub- 
strate concentration the standard error was about 
3% of the mean. 
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us Table 1. Kinetic parameters of the reaction of nicotinamide mononucleotide with magnesium—adenosine 
of triphosphate catalysed by nicotinamide mononucleotide adenylyltransferase at 25 
be : . ; , : ee 
d For other experimental details, see Methods section. Standard errors (s.£.) are calculated from a combined 
- estimate of internal variance of reaction rate based on 66 degrees of freedom; S? = 2-09 x 10-5. 
ly Coeff. of V’ Coeff. of 

10 iw variation (wmoles/min./ variation 

h pH (mm) of K,, —log K,,+8.5. mg. of protein) of V’ —log V’+s.E. 
to 4-95 0-594 0-11 3°226 +0-047 0-230 0-05 0-638 + 0-022 

D15 0-450 0-09 3°347 0-038 0-267 0-04 0-573 0-016 

.) 5-53 0-187 0-09 3-728 0-040 0-275 0-03 0-561 0-014 
] 5°85 0-139 0-07 3-857 0-028 0-303 0-02 0-519 0-007 
h 6-21 0-105 0-06 3-979 0-027 0-334 0-01 0-476 0-006 
: 6-66 0-108 0-06 3°967 0-027 0-341 0-01 0-467 0-006 
1B 7:16 0-0879 0-10 4-056 0-041 0-328 0-02 0-484 0-011 
to 7-63 0:0877 0-09 4-057 0-040 0-341 0-02 0-467 0-010 
a 7-95 0-0752 0-10 4-124 0-043 0-335 0-02 0-475 0-010 
t) 8-44 0-0791 0-09 4-102 0-041 0-342 0-02 0-466 0-010 
of 8-76 0-0719 0-07 4-143 0-032 0-361 0-02 0-442 0-007 
88 9-40 0-1129 0-09 3-947 0-040 0-344 0-03 0-463 0-013 
= 9-55 0-106 0-10 3-975 0-045 0-308 0-03 0-511 0-014 
: 9-77 0-201* 0-09 3-697 0-037 0-336 0-04 0-474 0-017 
a 10-00 0-180 0-12 3745 0-050 0-277 0-05 0-558 0-021 
si 10-35 0-298 0-16 3:526 0-068 0-242 0-08 0-616 0-036 
on ' 10-55 0-336 0-18 3474 0-078 0-228 0-10 0-642 0-043 
a daca : ‘ - — . e vie 3 

H * This value was omitted in the calculation of K,, K, and K,,, (cf. Wilkinson, 1961). 
a 
aS It was found that 1/v was a linear function of 1/s 

between pH 4:97 and 10-55 and for s between 0 

in 0-14x 10-* and 1:4x 10-3. Initially, K,, and V’ 

: were determined graphically from the expression 

"1 (Lineweaver & Burk, 1934; cf. Dixon & Webb, 

ig ‘ 

sé 1958): . 
y 4 i SR 4 

= — {-+ a 

v Ne 

id ) 
a To avoid possible errors arising from subjective 

o fitting of the line in the graphical method, a more 
») reliable procedure for determination of these para- 

of | meters was sought. As described in the next paper 
5. | (Wilkinson, 1961), least-squares fitting of the 

8 relationship v = V’/(1+K,,/s) gives the best 
aS estimate of both K,, and V’ and the standard errors 
y- of these values. pH 
eee Table 1 shows the results obtained with the 
is tee ; ; Sense E : : . Fig. 1A. Plot of pX,, against pH for the adenylation of 
oe statistical method of Wilkinson (1961) for each of rath P Pim agamsy F 2 ea De 
‘6 nicotinamide mononucleotide by adenosine triphosphate 


a the 17 pH values. catalysed by NMN adenylyltransferase; for details, see 


In the present study, there was a minimum value text, The circles are experimentally determined values. 





e€ 
: of K,, near pH 8, and at higher or lower pH values The solid line was derived from the relationship 
there was a continuous increase of the type which if [H+] K, 
has been attributed to changes in ionic species of Kin R,(1 a ) (1 a) 
enzyme or substrate or enzyme-substrate complex. i il . 7 Awaits 
Dixon (1953), Waley (1953) and Laidler (1955a,b) (ee text). The line at Y shows the average 95% fiducial 
: . coe . : range for the individual K,,, values. The broken lines are the 
have discussed the quantitative relationship asymptotes to the curve; as shown, these intercept at the 
between K,, and [H™], and have shown that this aines of pK, and pK, (cf. Dixon & Webb, 1958). 
nm | relationship has the form of the Michaelis (1914) B. Plot of log V’ against pH for the same reaction; the 
at pH functions from which the apparent dissociation circles are experimentally determined values and the solid 
n | constants (K, and K,) of the dissociating groups _ line is fitted by inspection. 
n may be calculated. The appropriate relationship = mae Ese ; 
i here is: = where K,, is the minimum value of K,,, attained 
it 4s x of steed lea) when both enzyme and substrate are entirely in 
mn Ky [H*, / their effective ionic forms. From the values of K,, 
) 21 Bioch. 1961, 80 
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and [H*] obtained from Table 1, K,,, K, and Ky, 
together with their standard errors, were obtained 
by a least-squares fitting of the relationship above 
(Wilkinson, 1961). In the logarithmic form, these 
values were: pK,, , 410+ 0-019; pK,, 5-764 0-048; 
p&K,, 9-97+ 0-069. Fig. 1A shows the variation of 
p&K,, with pH; the theoretical relationship for these 
values of pK,,, pK, and pK, is shown by the 
line. 

Dixon (1953) and Dixon & Webb (1958) have 
shown that whereas such changes of pK,, with pH 
may be due to dissociation of groups in the enzyme, 
the substrate or the enzyme-substrate complex, 
only the last of these causes a unit change of the 
slope in the line relating log V’ to pH. It is evident 
from Fig. 1B that no such unit change occurs 
between pH 4-95 and 10-55 in the interaction of 
NMN and NAD adenylyltransferase. Hence the 
apparent pK values of pH 5-76 and 9-97 must be 
those of groups in the enzyme, in the enzyme— 
ATP-magnesium complex or in the NMN. 


Reactive groups which influence interaction of 
nicotinamide mononucleotide with the enzyme 


(a) The group apparent pK 5-76. The 
apparent pK of the second dissociation from the 
phosphoryl group of NMN was 6:24+0-05 (see 
Methods). Unless the ionic species of NMN with 
singly dissociated phosphoryl group (R*O*PO,H_) 
and that with doubly dissociated phosphoryl 
group (R:O-PO§ ) participate to the same extent 
in NAD formation, a change of slope corresponding 
to this pK would be expected in the pK,-—pH 
relationship (Dixon, 1953). NAD formation almost 
certainly involves nucleophilic attack on the 
a-phosphorus of ATP (or its magnesium complex) ; 
the doubly dissociated form of NMN, having a 
greater availability of electrons, is clearly a more 
effective reactant in such a system. The pK of 
5-76 + 0-05 is therefore allocated to the phosphoryl 
group of NMN. As pointed out by Danielli & 
Davies (1951) and by McLaren & Estermann 
(1957), the effective hydrogen-ion concentration 
close to a charged surface differs from that measured 
in the bulk of a solution with a glass electrode. 
Although nothing is known yet of the charge 
distribution in the vicinity of the reactive site of 
NMN adenylyltransferase, our unpublished studies 
indicate that the isoelectric point is close to pH 7. 
If there is anet positive charge near the reactive site 
of the enzyme at pH 5-8 repulsion of hydrogen ions 
would result in a lower pH at the electrode than at 
the reactive site. The discrepancy of 0-4 pH 
between the pK of NMN and its apparent pK at the 
enzyme surface may well be due to this effect. 
This source of discrepancy seems to have received 
little attention in published studies of pK,,-pH 
relationships. 


with 


196] 


If the phosphoryl group of NMN in the enzyme 
substrate complex was free to associate with a 
second proton, the pK of this association would be 
expected to be near pH 6. A corresponding unit 
change of slope about pH. 6 should therefore appear 


in the plot of log V’ against pH. The absence of 


such a change of slope (Fig. 1B) indicates that the 
phosphoryl] group in the NMN-enzyme complex is 
not free to associate with a second proton. Hence 
it seems likely that the phosphoryl oxygen is 
bound either to magnesium or directly to the «a- 
phosphorus atom of the enzyme—ATP-—magnesium 
complex. Analogous reactions have been discussed 
by Lowenstein (1960) for the non-enzymic dis- 
placement of pyrophosphate from ATP by ortho- 
phosphate, and by Callaghan & Weber (1959) for 
the attack of adenylate on the adenylate kinase 
ATP-magnesium complex. 

The results given here do not allow of distinction 
between the S,2 and S,1 displacement mechanisms ; 
it is not certain whether the sp*d intermediate (cf. 
Van Wazer, 1958) in the former case would have 
sufficient kinetic stability to account for the 
absence of the phosphoryl] dissociation. In the 
latter case, adenosine metaphosphate, (R*O*PO,),, 
would be attacked by the nucleophilic phosphory] 


oxygen of NMN;; here, a preliminary attachment of 


this phosphoryl group to a bound Mg?* ion is 
possible. Metaphosphoric acid derivatives have 
recently been implicated in phosphoryl-transfer 
reactions (Todd, 1960), and it seems likely that 
such derivatives may be intermediates in enzymic 
reactions involving ATP. 

The concentrations of ATP and Mg?*+ ions used 
in these studies were considerably greater than the 
corresponding K,, values at pH 7-4 (ATP, 0-46 mm; 
Mg?+, 0-2 mm) reported by Kornberg (1950). Since 
the maximum rates reported here were calculated 
for infinite concentration of NMN, but not for 
infinite concentrations of ATP and Mg?* ion, these 
rates have been designated V’ rather than V, 
which has been reserved for the limiting rate 
calculated for infinite concentrations of all sub- 
strates. The slight decrease of log V’ at the ex- 
tremes of pH (Fig. 1B) is probably due to the con- 
centration of the effective ATP-—magnesium com- 
plex falling below that necessary to saturate the 
enzyme. At these extremes of pH there is compe- 
tition for the components of the complex by H* or 
OH’ ion. 

(b) The group with apparent pK 9:97. As NMN 
has no dissociation near pH 9-97, the unit change 
of slope about this pH (Fig. 14) may be due to 
association of an OH ion with a group in the 
enzyme or in its ATP-magnesium complex. 


Alternatively the change of slope may result from 
the dissociation of a proton from a group in the 
enzyme or in the enzyme-ATP-—magnesium com- 
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plex. Only the ionic species of this group predomi- 
nating below pH 9-97 is effective in the catalytic 
process. The «-ammonium group of lysyl residues, 
the hydroxyl of tyrosyl residues, and sulphydry] 
groups have pK values in this pH region. Involve- 
ment of the cationic ammonium group seems un- 
likely as the affinity of NMN adenylyltransferase 
for NMN is about three times that for nicotinic acid 
mononucleotide (Atkinson et al. 1960; Atkinson & 
Morton, 1960), which has an additional negative 
charge at this pH. The possibility that NMN is 
bound to the enzyme by a hydrogen bond between 
its amide group and a tyrosyl hydroxyl group is at 
present being examined. 


SUMMARY 


1. Nicotinamide mononucleotide was prepared 
from nicotinamide—adenine nucleotide by hydro- 
lysis with nucleotide pyrophosphatase or by pyro- 
phosphorolysis with nicotinamide mononucleotide 
adenylyltransferase from pig-liver nuclei. The 
product was characterized by polarimetry, spectro- 
photometry and potentiometric titration. 

2. The rate of formation of nicotinamide— 
adenine dinucleotide from adenosine triphosphate 
(4 mm) and nicotinamide mononucleotide (at 5 or 6 
concentrations from 0-14 to 1-4 mM) in the presence 
of the adenylyltransferase and of magnesium 
chloride (15 mm) was measured at 25° and at 17 pH 
values from 4-97 to 10-55. With the assay system 
used, the rate of formation of nicotinamide 
adenine dinucleotide did not vary during the period 
of incubation by more than 1 %. 

3. A statistical method was used to evaluate the 
Michaelis constants (K,,) and the apparent 
maximum rates (V’, at infinite nicotinamide 
mononucleotide concentration) for each pH. 

4. A further statistical analysis of the variation 
of K,, with pH indicated the presence of dissociat- 
ing groups, with pK values 5:-76+0-048 and 


9-97 + 0-069, which participated in the interaction of 


nicotinamide mononucleotide with the enzyme-— 
adenosine triphosphate—magnesium complex. For 
the effective ionic species, pK, was 4:10+ 0-019. 

5. From a consideration of the variation of pK,, 
with pH and of log V’ with pH, possible mechan- 
isms of the synthesis of nicotinamide—adenine 
dinucleotide have been formulated. 
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Statistical Estimations in Enzyme Kinetics 


By G. N. WILKINSON 
Division of Mathematical Statistics, Commonwealth Scientific and Industrial Research Organization, 
University of Adelaide, South Australia 
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Although elementary statistical methods such as 
the calculation of means and their standard errors 
application of the 
statistical methods of regression analysis in enzyme 


are commonly employed, 
kinetic studies has received little attention. In 
estimating the kinetic parameters of the Michaelis— 
Menten equation, for instance, graphical methods 
such as the double-reciprocal plot (Lineweaver & 
Burk, 1934) are generally used, without supple- 
mentary statistical calculations. These methods 
have been reviewed by Dixon & Webb (1958). 
Graphical methods, however, do not usually 
provide any measure of the precision of the deter- 
minations, a knowledge of which is necessary for a 
proper evaluation of the results in relation to 
theoretical considerations, or for a comparison of 


results obtained under differing experimental 
conditions. The main purpose of a statistical 


analysis is to supply, not only more accurate 


estimates, but also the necessary measures of 


precision. 

This paper gives an account of the weighted and 
non-linear regression methods applicable to general 
problems in enzyme kinetics. Application of the 
basic principles is illustrated in detail with the 
computational methods given for estimating the 
kinetic parameters K,, and V of the Michaelis— 
Menten equation, and the relevant standard errors. 
Further illustration is provided by a description of 
the analyses applied in estimating dissociation 
constants for enzyme and substrate (cf. Dixon, 
1953) from the data of Atkinson, 
Morton (1961). 

The methods 
applied in the kinetic studies described in the 


Jackson & 


described in this paper were 


preceding paper by Atkinson e¢ al. 


BASIC PRINCIPLES AND METHODS 


Random variation ; terminology 


Most experimental determinations are subject to 
fluctuations of an unpredictable kind, usually on 
account of experimental factors which are not 


under rigid control and the inherent mechanical 
limitations of the experimental apparatus, and 
sometimes on account of the inherent variability in 
the phenomena under investigation, as with radio- 


active emissions. In this sense experimentally 
determined quantities can be described as ‘random 
variates,’ and associated with each observation or 
determination is a ‘conceptual population’ of all 
possible values of the random variate that might 
have arisen in similar circumstances to those which 
have produced the actual value(s). The relative 
frequencies with which different values of the 
variate occur in this conceptual population con- 
stitute the distribution of the variate (which may 
have more than one distribution according to the 
circumstances envisaged). 

The true mean, or expected value, of a random 
variate y is the average value of y in the relevant 
conceptual population, and is denoted here by 
Ely), p,, or simply p. (The true mean is to be 
distinguished from the sample mean 7 of a series of 
observations.) If the expected value of a determi- 
nation deviates from a specified theoretical value, 
the determination is described as being ‘biased’ in 
that respect. 

The variance of y is the average value, H(y— ,)?, 
of squared deviations from the mean in the con- 
ceptual population, and is denoted here by V(y), 
o,, or o®. The square root o of the variance is 
referred to alternatively as the standard deviation 
(s.D.) or standard error (S.E.) according to context; 
‘standard deviation’ is used primarily when 
referring to the basic variability in the experi- 
mental data, and ‘standard error’ when referring 
to the precision of a statistic (such as a mean or a 
regression coefficient) as an estimate of some para- 
meter. The coefficient of variation, C.v.(y), is the 
standard deviation of y expressed as a fraction of 
the mean; C.v.(y) = oa/p. 

The covariance of two random variates y, and y, 
is the average value of the product of corresponding 
deviations in the relevant population of all possible 
pairs of values (y;, Y2): 

Cov. (Yi, Y2) = E(Y,— pa) (Yo— be): 
The correlation, p, between y, and y, is a normalized 
form of the covariance: 


Cov. (Yi, Ye) 
p= . 
0102 
Two variates are described as ‘statistically inde- 
pendent’ if the probability that one of them takes 
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any value or range of values is independent of the 
value taken by the other variate. It follows that 
the covariance or correlation of two statistically 
independent variates is zero. (The converse is true 
only for normally distributed variates.) 

The parameters of random variation described 
above (and generally the parameters of any physical 
system) are usually not known with exactitude, but 
are, or have been, ascertained with an attendant 
degree of uncertainty, by estimation from experi- 
mental data. It is desirable in most contexts that a 
semantic distinction should be evident, between 
the parameters themselves and the corresponding 
estimates. 


Combination and transformation of variability 


Quantitative studies usually involve a sequence 
of calculations based on the experimental data. 
The following rules enable the influence of experi- 
mental variability to be determined at any stage of 
this process, at least to a first order of approxima- 
tion: 

Change in scale of a quantity y by a factor A 
clearly affects its mean and standard deviation 
similarly, so that 

E(Ay) = AE(y) (1) 
Vay) = Vy). (2) 


The basic rules for the addition of two or more 
quantities are 


E(y,+Y2) = E(y,)+ EL (y2), ( 
Vy + Yo) = V(ys1)+ V(y2) +2 Cov. (yr, Y2), (4) 
the latter being deducible from (3) since 


E(y;+Y2— pa — Pe)? 

= E(y,— py)? + E(Y2— pe)? + 2E (yy — pr) (Y2— Be): 
If y, and y, are statistically independent the 
variances are simply additive. The rules (1)—(4) in 
combination determine the mean and variance 
(hence standard error) of any linear combination of 
variates and, in particular, the variances of re- 
gression statistics as given below. 

For non-linear transformations the following 
rules are only approximate since the non-linearity 
introduces biases. The biases will be very slight, 
however, if the transformation function exhibits 
little curvature over the range of experimental 
variation, as illustrated in Fig. 1. 

Small deviations can be represented approxi- 
mately by the linear part of a Taylor expansion, 


F(y) =f (py) a By) f (Hy); 
where f’(y,) is the first derivative of f(y) at p,. 
This is evident also from geometrical considera- 


and_ s.p. (Ay) = AS.D. (y), 


tions (Fig. 1). Since y— py, averages to zero in the 
conceptual population of y values, 


ELS (y)] © f(y)» (5) 
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and squaring and averaging f(y) —f(,) give 
ViF(y)] © f(y) Vy). (6) 


Bias in the last formula arises from bias in the 
transformed mean as well as from neglecting higher- 
order terms of the Taylor expansion, but again will 
be small under the conditions mentioned. 

Use of the formula (6) is illustrated by the trans- 
formation of an estimated K,, into the negative 
logarithm pK 


d 1 


log x = logex 
da x 
so that 
S.E. (Km) 
Ke 


~ 0-4343 c.v. (K,,). 


S.E. (pK,,) ~ loge x ‘ 


The generalization of (5) and (6) for functions of 
two or more variates is straightforward. For a 
function of two variates, 


E(f (Yr. Y2)) © F(par> He)s 


Vf (41> Y2)) & FA Vi) +h, V (ye) 

+2f1,f%, COV: (Yr Ye), (8) 
where Ins te. are the partial derivatives of f at 
(4445 #2). The covariance term vanishes if y, and y, 
are statistically independent. An important special 
case is that of the product or ratio of variates, 
Z = YiYo Or 2 = Y,/Y2, in which case the variance 
rule (8) on division by p? becomes 


~— 


O.V.2(z) & C.V.72(y,) +.C.V.2(Yo) + 2p C.V. (y,) C.V.- (Y. 
( 


the minus sign applying for the ratio. If y, and y, 
are statistically independent, the correlation p is 
zero, so that the squares of the coefficients of 
variation are simply additive. 





Fig. 1. Non-linear transformation of an error distribution. 
The slope of the tangent is the first derivative of f(y) at py. 
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Regression analysis 
The relevance of the methods described below, for the 
analysis of a series of observations, depends on the assump- 
tions that the observations are in an effective sense statist- 
ically independent and that their true distributions do not 
differ appreciably from the familiar Gaussian or normal 


form. With these assumptions the appropriate form of 


analysis is determined by the behaviour of the true means 
and variances. 

A regression analysis is appropriate when the mean of a 
variate y depends on factors x, such as temperature or pH, 


which have been varied in the experiments. If a series of 


observations y are available, together with the correspond- 


ing values of determining variables x, and if the variance of 


y is sensibly homogeneous over the series of observations, 
a regression function Y(z) is fitted to the data so that the 
sum of squares of deviations of the observations y from the 
fitted function, X(y— Y)*, is as small as possible (the 
method of least squares). 

The series of observations may not be homogeneous in 
variance, however. It may be that o? varies systematically 
with yw, or that the observations are of intrinsically differing 
accuracy on account of the experimental procedure. It is 
evident that some account must be taken of the differing 
accuracies in fitting the regression function, and the 
appropriate method is to fit the function so that the 
weighted sum of squares of deviations, Xw(y — Y)*, is a 
minimum, the relative weights w being the relative amounts 
of ‘information’ and inversely proportional, in this con- 
text, to the variances of the y values. (The more general 
definition of ‘information’ is given by Fisher, 1925.) 

The weighted-regression procedure is equivalent to 
fitting an unweighted regression to an enlarged set of 
points, each point of the original set being repeated the 
appropriate w times. The essential differences, therefore, 
are that weighted rather than simple means of observations 
are calculated and likewise weighted sums of squares and 
products. Details of the weighted analyses are set out 
below for the two cases relevant to this paper, in which the 
true regression is linear and dependent on either one or two 
determining variables: 


(i) py = «+r, 
(ii) py = %+P,% + Bore. 


Case (i). The fitted regression is of the form Y 
The weighted means are 


a+be. 


& = Xwal/kw, ¥ = Lwy/Xw, 


and the estimated regression coefficient b and the constant 
term a are given by the formulae: 


| Lw(x-%)(y-¥) “way —(Xwx) (Cwy)/Cw 
Lw(a - 2%)? Lw2? —(Cwx)2/Sw  ” 
a y — bz. 


If the variances of the observations y are o2/w, the variance 
factor o* is estimated by the residual mean square, 
Lw(y — Y)? 


s* = 


n—2 n—2 


Lwy? —yriwy — bXiw(x -%) (y -¥) 


the divisor of the sum of squares of deviations (or residual 
sum of squares) being the number of degrees of freedom of 
the estimated variance, two less than the number of 


observations in this instance. The variances of a and b are 
given by the formulae: 

V(b) = o7/Xw(x —%)?, 

V(a) = o%°[1/Xw + */Xw(x - =)*], 
the latter following from (4) above since it may be easily 
shown that b and 7 are statistically independent. Esti- 


mated variances are obtained by substituting s? for o°. 
Case (ii). The fitted regression is of the form 


Y = a4+b,%,+bo%,. 
Weighted means 9, Z,, , are calculated as in (i) above. Two 
equations are obtained for the regression coefficients }, 
and b,, 
410, +4262 = Py; 
Ay2b, +Ag9by = Po, 
where 
Gy, = Xw(x%,-%,)*, ay = V(x, —%,) (%2 - Za), 
Ag, = Lw(x, - %2)?, 
Py = Xw(%,—%)y, Pz = Uw(%_ - Zy) y- 
The solutions of the equations are 
by = Cy Py +Cy2Po, 


by = Cy2P, + Co2P2, 
where 


Cy, = Agg/A, Cyg = Ay /A, C2 = —42/A 

and A = Gy G59 — Aj2- 
The constant term is 

a = ¥ -b,%,—-b,%,. 
Similarly, as in (i) above, the variance factor o? is estimated 
by the residual mean square: 

Ye ate Se - oe ¥ 
n—é n-3 
The variances and covariances of the regression statistics 
are 
V(by) = 0%, Cov.(b,, b,) = cy", Cov.(b,,¥) = 0, 
V(ba) = C220°, 


V(a) = o°(1/Xw +0417) + Cop Xo + 22% Ze). 


Jov.(b,, ¥) = 9, 


Omission of the constant term. If it is known that the 
true regression passes through the origin (a = 0), the 
fitted regression should be likewise constrained (a = 0). 
The essential modification of the formulae given above for 
this case is that crude sums of squares and products such as 
Xwx*, Cway are substituted everywhere for the corrected 
sums of squares and products Uw(x-%)* etc. In the 
formulae for the residual mean squares, s?, the correction 
factor 7Dwy is omitted and the degrees of freedom are 
correspondingly increased by unity to (i) m —1, (ii) m —2. 

Use of estimated weights. The relative weights w may not 
be known exactly, so that an approximate analysis must be 
performed with estimated weights. In some situations a 
more accurate analysis may then be obtained by repeating 
the process with improved estimates of the weights 
supplied by the first analysis. More than a single repetition 
of the process is seldom necessary, however, except as a 





check. 

Non-linear regression functions. These can be fitted, with 
little extra complication, by linear-regression methods; the 
essential difference is that provisional estimates of certain 
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of the unknown parameters are required. If a function 


f(x, c) is non-linear in a parameter c whose value is to be 


estimated, and if a good provisional value cy is available, 
the following linear approximation may be used: 


J (x, ¢) Rf (x, eo) + (¢ — Co) f2(a, eo), 

where f; is the first derivative of f with respect to c¢, 
evaluated here at cy, and a linear regression analysis, in 
terms of the provisional values of f and f/ corresponding to 
the values of x, determines c—cy as a linear regression 
coefficient. In this sense the process may be described as a 
‘fine adjustment’ of the provisional estimate cy. A more 
accurate analysis can be obtained, if necessary, by repeating 
the process with the adjusted estimate as a new provisional 
value. The extension of the method for a function non- 
linear in two or more parameters is straightforward. 


Applications 
Estimation of K, and V. The Michaelis-Menten 
relation between velocity of reaction (v) of an 
enzyme with a substrate and the substrate concen- 
tration (s), 
s 








= +x. VY; 
can be expressed in the linear forms 
1 Peet ot 8 
. . ti « F € 


With the usual methods of determining velocities 
of reaction, as described in the preceding paper 
(Atkinson et al. 1961), the velocity determinations 
will be reasonably homogeneous in variance. If v 
has variance o*, the variances of 1/v, s/v are 

V(1/v) = o%/p, V(s/v) = o°s*/ys 
In fitting the above linear forms, therefore, the 
correct relative weights are yp} and p‘/s® respec- 
tively for the two types of fit. 

As the true velocities p,(s) are unknown, pro- 
visional fits of the lines can be obtained by using 
observed velocities v, which supply weights v4 and 
v'/s? respectively. In the case of the double re- 
ciprocal plot the weighted means are 

(1/v) = Xe3/Xv4, (1/s) = (Xv4/s)/Xv4, 
and the weighted fit of the straight line 
1/v = a+0(1/s) 

as described above leads, with some simplification, 
to the formulae for provisional estimates of K,,, and 
V given in Table 1. The same formulae are ob- 
tained whichever linear form is fitted, the weighted 
analyses being equivalent. 

Fine adjustment of the provisional estimates may 
be obtained by fitting the Michaelis-Menten 
function directly in the hyperbolic form, with an 
unweighted analysis. This process is preferable to 
that of refitting the function in one of the linear 
forms above with revised estimates of the relevant 
weights, since not only are the calculations simpler 


(cf. equation 6). 
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but standard errors for the estimates are derived 
more directly. In terms of the provisional esti- 
mates K?,, V°, the Michaelis-Menten relation can 
be expressed in the approximate linear form: 


La Le 
OC = 4— —a — (Kn —K3,) yO y2 |? 
V° s+ Ke, (s+K3)"J 

~ b, f (8) +be fe(s), 


where b, = V/V°, 6, = 6,(K,,—K°), f(s) is the 
provisional fit of the Michaelis-Menten function, 
and f(s) is the first derivative of the provisional 
fit with respect to K,,,. The problem is thus reduced 
to that of fitting a bilinear regression (without a 
constant term) as described above. The computa- 
tional procedure is set out in Table 2. 

The standard errors for V and K,, are derived 
from those for b, and b, by application of the rules 
(2) and (9). In particular, 


s.E. (K,,) = S.E. (b,)/b,, 


since the coefficient of variation of the factor b, is 
negligible in comparison with that for K,,—K®. 

Use of the provisional value V° is not strictly 
necessary since it cancels both in b,, f and in },, f’. 
The advantages are, however, that direct com- 
parison of the provisionally determined velocities 
with those observed provides a useful check for 
arithmetical errors, and that b, is almost exactly 
the fine adjustment for K,,. With repetition of the 
process, b, and b, tend to unity and zero respec- 
tively. 

Estimation of dissociation constants. The estima- 
tion of dissociation constants from a series of 
determinations of K,, corresponding to a range of 
values of substrate pH is discussed below. The 
appropriate relation of K,,, to hydrogen-ion concen- 
tration H which must be fitted is 


Km = K,,(1+ = 1+— 
4 7 > 
- a Ky H 


in which K,,, is the asymptotically minimum value 
for K,,, and K,, K, the relevant dissociation con- 
stants. Expressed equivalently as 


K, = a+b,H +b,(1/H), 


the function is in the form of a linear regression, 
the determining variables being 7, = H, x, = 1/H. 
A weighted fit of the regression is necessary on 
account of the variation in precision of the deter- 
minations of K,,. The estimates of K, and K, 
derived from a, b,, and b, are in this instance 
regarded as provisional since a revision of the 
relative weights is necessary. 

For fine adjustment of the provisional estimates 
it is appropriate, in this case, to fit the K,,(H) 
function in the negative-logarithm or pK,, form. 
In terms of the provisional values K>}, calculated 
from the provisional estimates of K,, K, and Ris 
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the function can be expressed in the approximate 
linear form 
Hi 


K®) —p(K,/K®) +H 


n m 


P(K,,/K;,) * pK, 


1/H 


K,/K® _ 
+ P(A2/Ke) 04 


so that the problem is again reduced to that of 
fitting of a linear regression, the constant term and 
the regression coefficients being the required 
adjustments for pK°,, pK, and pK3. The determin- 
ing variables are the partial derivatives of the 
provisionally fitted pK,, function with respect to 
p&,, pK,. The regression calculations supply the 
standard errors of pk,,; pK, and pk, directly. 

Combined estimates of variability. In a series of 
similar experiments the basic experimental vari- 
ability may be sensibly homogeneous, in which case 
a more accurate estimate of variance may be ob- 
tained by calculating a weighted average of the 
estimates from individual experiments. The indi- 
vidual estimates are weighted according to their 
degrees of freedom, so that the weighted average is 
the ratio of the pooled (or added) residual sums of 
squares from the individual experiments to the 
total number of degrees of freedom. In the pre- 
ceding paper (Atkinson et al. 1961) a pooled esti- 
mate of the variance of velocity determinations 
was obtained in this way from 17 experiments, 
with a total of 66 degrees of freedom. 


Rounding-off errors 


The arithmetic process of rounding off to a given 
number of figures causes an artificial increase in the 
variance of computed quantities, which must be 
kept as small as practicable to avoid appreciable 
loss of information. The increase in variance of a 
quantity due to rounding off is c?/12, where c is the 
rounding-off interval. A simple rule is to retain, in 
rounding off, the first two figures that are affected 
by experimental variability. Thus if a quantity has 
the value 0-12345 say, and the standard error of the 
quantity is 0-003, the second decimal digit may be 
in error by unity and the third is appreciably 
affected. The variance of the rounded-off quantity 
0-123 is (0-003)2+ (0-001)?/12, in which case the 
relative loss of information is 1/109, or less than 
1%. If the standard error had been much less than 
0-003, the fourth decimal should also have been 
retained, and, in the absence of any precise know- 
ledge of experimental variability, retention of an 
extra figure is a desirable safeguard. 

A number of aspects have not been mentioned 
here, such as the calculation of probabilities, 
significance tests and fiducial or confidence limits. 
A more detailed account of general principles and 
methods is given by Fisher (1925), and of regression 
methods by Williams (1959). 


ENZYME KINETIC DETERMINATIONS 


Estimation of K, and V 


m 


The procedure set out below for estimating the 
kinetic parameters K,, and V of the Michaelis— 
Menten equation consists of two stages, the calcu- 
lation of provisional estimates, and the fine adjust- 
ment of the provisional values, the latter stage also 
supplying standard errors for the estimates. A 
locally defined notation is used to describe each 
step of the computations in terms of the preceding 
computations; consequently some symbols, such as 
a, B, y, ---, occur with different meanings in each 
stage. Numerical illustration of the calculations is 
given in parallel, with data from Atkinson e¢ al. 
(1961). 

Provisional estimates of K,, and V. (i) Graphical. 
A number of graphical methods for determining 
K,, and V have been suggested, based on various 
linear forms of the Michaelis-Menten relation 
(see Dixon & Webb, 1958). Of the two linear forms: 
i ££. we 


—& +o, ~ e+e, 
0 Vi Ve o Vid 


m 


8 


the double reciprocal form (Lineweaver & Burk, 
1934) is the more commonly used. However, 
statistical considerations suggest that more accur- 
ate subjective estimates can be obtained by fitting 
the alternative form linear in s/v and s. Assuming 
that v is reasonably homogeneous in variance, 
the reciprocal 1/v exhibits much greater variation 
in accuracy over the practical ranges of substrate 
concentration than does s/v. This is illustrated 
in Fig. 2, which shows the variations in the relative 
weights (reciprocals of variance) of 1/v and s/v. 
(The scales are arbitrary for each weight function.) 
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Fig. 2. Variation in relative weights of 1/v and s/v over a 
range of substrate concentrations (logarithmic scales). 
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Over the range of substrate concentration from 
one-third to three times the K,,, the relative 
weight of 1/v varies by a factor of 80, whereas the 
relative weight of s/v varies by less than a factor 
of 2. If a statistical analysis were carried out with 
the correct weights, identical and hence equally 
precise estimates would be obtained with either fit. 
However, appreciable deviations, of whatever 
kind, from correct weighting will result in less 
accurate estimates of K,, and V, and with sub- 
jective fitting it would seem much more difficult to 
take proper account of the variation in weight 
when this is extreme than when it is relatively 
slight, as with s/v. 

A third linear form discussed by Hofstee (1952), 
v = V—K,,v/s, suffers to a less extent from the 
same statistical disadvantage as the double re- 
ciprocal form, with the added complication that 
both the variables are affected by the experimental 
variability in v. Hofstee suggests that a certain 
type of non-linearity is more readily detectable 
with the third linear form, but this argument may 
be questioned. 

(ii) Statistical. Although in any case it may be 
necessary to determine a graphical plot in order to 
detect significant experimental aberrations, such 
as inhibition by an excess of substrate (Dixon & 
Webb, 1958), statistically-determined provisional 
estimates take little time to compute, and their 
greater accuracy improves the accuracy of the fine- 
adjustment process. The calculations are set out in 
Table 1, the relevant formulae being derived by the 
weighted fit of a linear regression, as described in 
an earlier section. 

With a standard desk calculator, 7 = v? may be 
left in the machine and the division by s performed 
after recording x. For the accuracy with which v is 


Table 1. Calculation of provisional estimates of 
K,, and V 


For details, see text; illustrative values are from data of 
Atkinson et al. (1961). 


8 (pH 4-95)* vt t= oe y = v?/s 
0-138 0-148 0-022 0-159 
0-220 0-171 0-029 0-133 
0-291 0-234 0-055 0-188 
0-560 0-324 0-105 0-187 
0-766 0-390 0-152 0-199 
1-460 0-493 0-243 0-166 


a = Lor = 0-234184 A = ae-yd = 0-0087695 
B = Xa* = 0097528 K,» = (By—4d)/A = 0:569* 
y = Xvy = 0-310303 V = (Be —8?)/A 0-679+ 
8 = Xay 0-107916 

e = Ly? 0-180440 

* Conen. of nicotinamide mononucleotide, mm. 


T pmoles of nicotinamide-adenine dinucleotide formed/ 
3 min./mg. of enzyme protein. 
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determined by current experimental methods, 
recording of s and v to 3 significant figures (and 
likewise the columns w and y) is quite adequate. 
However, the sums of squares and products should 
be recorded to the full accuracy of 6 or 7 significant 
figures, since 2 or 3 significant figures may be lost by 
subtraction when computing A and the numerators 
OF Mea Vs 

Fine adjustment of the provisional estimates. This 
process is based on fitting a bilinear regression of v 
on the corresponding values of the provisionally 
fitted Michaelis-Menten function and _ its first 
derivative, as described above. The calculations 
are set out in Table 2, together with the supple- 
mentary calculations for determining standard 
errors, the numerical illustration continuing from 
Table 1. 

The instructions in regard to accuracy are essenti- 
ally the same as for Table 1. It is even more 
important here to record the intermediate calcula- 
tions, and hence b, and b,, with great accuracy, 
since the residual sum of squares is not calculated 
directly as a sum of squares of deviations, but by 
the indirect process of subtraction from Xv?, in 
which up to 3 or 4 significant figures may be lost. 


Estimation of dissociation constants 

The kind of statistical analysis required is 
illustrated here with the analyses applied to the 
data of Atkinson et al. (1961). These authors 
determined K,, values in a series of experiments 
with substrate pH varying from 4-95 to 10-55, and 
in estimating dissociation constants for the enzyme 
and substrate from these data the appropriate 
function to be fitted, relating K,, to hydrogen-ion 
concentration H, was 


K, = K (147) 1+) 
Am an = K, H > 


K, and K, being the relevant dissociation constants 
(cf. Dixon & Webb, 1958). The basic data for the 
calculations described here are presented in 
Table 3, excluding an aberrant K,, determination at 
pH 9-77 (see below). 

Consideration of the experimental procedure 
(Atkinson et al. 1961) suggested that the K,, 
determinations would be subject individually to 
biases fluctuating from experiment to experiment, 
or, differently expressed, that the inter-experi- 
mental variability of the K,, values would be 
greater than indicated by their intra-experimental, 
or internal variance. This additional source of 
variation had to be taken into account, particu- 
larly in assessing the precision of the final estimates 
of K, and K,. In the actual estimates of K, and K,, 
however, it was expected that the net effect of 
bias would be very small, since the data themselves 
exhibited no evidence of a systematic deviation 
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from the theoretical form of the K,,(H) function as 
given above, and that any systematic bias would 
be mostly absorbed in the estimate of the constant 
x. 

It was also evident that the biases would be 
essentially of a multiplicative kind in their effect on 
the K,,, values, so that the variance of the inter- 
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experimental fluctuations in bias would be essenti- 
ally homogeneous on a logarithmic scale. It was 
thus appropriate to fit the K,, function above in the 
(negative) logarithmic form pK,,. 

Provisional estimates of K,, K, and K, were 
derived by fitting a weighted bilinear regression 
of K,, on H and 1/H. The appropriate weights 


m 











Table 2. 


For details, see text; illustrative calculations continue from Table 1. 


V° = 0-679+ (Table 1). 


s* vt s+ K%, 
0-138 0-148 0-707 
0-220 0-171 0-789 
0-291 0-234 0-860 
0-560 0-324 1-129 
0-766 0-390 1-335 
1-460 0-493 2-029 

a=Zf?=06101511. y = xX ff’ 


p= =f? 

A = a8 -y* = 0-:02695286. 
b, = (B3—ye)/A 

by = (ae — yd)/A 


to 


v 0-606026. S? = (Xv? -b,8 


M 


S| 
S.E. (Km) = Rix 0-064* 
1 


* Concn. of nicotinamide mononucleotide, mm. 
7 
t The symbol S denotes a standard deviation. 
& 


variance derived from a series of experiments. 





Table 3. 


1-0156833.  V 
0-0259341. K,, 


Fine adjustment of the provisional estimates of K, and V 


Provisional estimates: K®, = 0-569,* 


f= V%\(s+Ky) f/ = -V°sj(s+Ko)? 
0-1325 — 0-1874 
0-1893 0-2400 


0-2672 
— 0-2983 
0-2918 


0-2298 
0-3368 
0-3896 


0-4886 — 0-2408 
—0-4634727. 8 = Lof 0-6077005. 


0-3962294. « = Lof’ ~ 0-4604656. 
b,V° = 0-690 
= K9,+b,/b, = 0-595* 


< 0-0007365 


- bye)/(n -2) = —— —, 


4 
= 0-0001841 (4 p.¥.).t§ 


s.z. (V) ves /F 0-036.+ 


+ pmoles of nicotinamide-adenine dinucleotide formed/3 min./mg. of enzyme protein. 


§ Standard errors for K,, and V may alternatively be calculated by using a more accurate estimate of experimental 





Data for the estimation of dissociation constants K, and K, derived from Atkinson, 


Jackson & Morton (1961) 


The provisional values K$, K$ and K9, are given in the text. 





; P(K,/K%) 
Ky KS (y) 

0-594 0-5864 — 0-0056 

0-450 0-3992 0-0520 

0-187 0-2125 0-0556 

0-139 0-1430 0-012 

0-105 0-1070 0-0082 

0-108 0-0890 0-0840 

0-0879 0-0823 0-0281 

0-0877 0-0805 —0-0372 

0-0752 0-0804 0-0291 

0-0791 0-0817 0-0135 

8-76 0-0719 0-0842 0-068 1 
9-40 0-1129 0-1008 — 0-0492 
9-55 0-106 0-1098 0-0153 
10-00 0-180 0-1655 — 0-0365 
10°35 0-298 0-2726 —0-0387 
10-55 0-336 0-3858 0-0601 

9 0-0022 Xy 
y =-00010 Zz 


H 1/H 
Ki+H 1/K$+1/H 
(2) (2%) w(K,,) w(pK,,) w(pK,,) 

0-8651 0 0-045 436 305 
0-8019 0 0-121 544 354 
0-6278 0 0-639 809 450 
0-4469 0-0001 2-275 1 309 571 
0-2608 0-0002 4-329 1 394 587 
0-1113 0-0005 4-272 952 491 
0-0381 0-0016 2-689 514 341 
0-0132 40-0046 2-899 528 347 
0-0064 0-0096 3:476 632 389 
0-0021 0-0292 3-411 639 392 
0-0010 0-0591 6-779 1 349 579 
0-0002 0-2152 1-717 491 331 
0-0002 0-2794 1-552 526 346 
0-0001 0-5220 0-436 336 252 
0 0-7098 0-086 179 152 
0 0-7950 0-052 217 179 
0-2220 Zo 0-0770+ 34-778 10 855 6066 
0-2167 =z = 0-0992} 


* Concn. of nicotinamide mononucleotide, mm. 
+ Weighted means based on the weights w(pK,,). 


{ Weighted means based on the weights w’(pK,,). 
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STATISTICAL 
w(K,,) for this analysis are shown in Table 3, 
these being the reciprocals of the internal variances 
of the K,, values, excluding an estimated variance 
0-0001885. The estimates obtained were 


K} = 0-01092 x 10-8, 
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factor, 
KY = 1949 10-°, 
R°® = 0-0791 mm. 


To determine an estimate of the inter-experi- 
mental variance component, the bilinear regression 
of the negative logarithms p(K,,,/K°,) on 


x, = H/(K°+H) and x, = (1/H)/(1/K2+1/H) 


was fitted with the weights w(pK,,) shown in 
Table 3, these being the reciprocals of the esti- 
mated internal variances of the pK,, values; 
w(pK,) = (2:303)2?K¢/V(K,,). The provisionally 
fitted values K®, are also shown in Table 3, these 
being derived from the provisional estimates above 
for K,, K, and K,,. The analysis determined (as 
regression coefficients) the fine adjustments 
p(K,/K}) = 0-002, p(K,/K) = —0-001, which are 
comparatively negligible, and yielded a residual 
mean square, s? = 1-6764, based on 13 degrees of 
freedom. 

The expected value of the mean-square s? is 
unity if the inter-experimental variance com- 
ponent is excluded. Although the observed value 
is significantly greater than unity at only the 10% 
level of significance (cf. Fisher & Yates, 1938, 
Table V, entered with 13 and 66 degrees of freedom), 
the reality of the additional component of variance, 
in any case, was not in question. Assuming the 
inter-experimental variance of each pK,, to be the 
sum of the internal variance and the inter-experi- 
mental variance component o}, 


] 
V(pK m) —.s SOEs 
w(pK m) 
it may be shown, by application of the basic rules, 
that the expected value of s? is 


; rw? 
E(s?) = 1+ 3 | AOS On re, — 
e — 


the coefficients c,; being those which occur in the 
regression calculations. Equation of the observed 
and expected values gave an estimate of the 
variance in bias, s; = 0-000986, and addition of 
this value to the internal variances gave the esti- 
mated inter-experimental variances of the pK,, 
) of which are shown 


values, the reciprocals w’ (pK, 
in Table 3. 

In the final analysis the bilinear regression of 
p(K,,/K},) on 2, and x, was refitted with the weights 


m/ 
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w’(pK,,), the provisional values K°, being as before. 
The regression equations obtained were: 
508-9070b, — 130-1409b, = 0-214692, 
— 130-1409b, + 243-4536b, = 0-671626, 
(A = 106958-59), 
which gave the fine adjustments 
p(K,/K) = —6, = — 0-001, 
p(K,/K?) b, = 0-003, 


2 


II 


and hence 
p(K,,/K°) = a = —0-002. 
Adjustment of the provisional estimates 
pK = 5-757, pK3 = 9-962, pK® = 4-102, 
gave the final estimates 
pK, = 5-756, s.E. = 0-048; 
pK, = 9-965, s.z. = 0-069; 
pK,, = 4100, s.z. = 0-019; 
the standard errors being the square roots re- 
spectively of ¢,, = 243-5/A, Co. = 508-9/A, and 
(1/Zw’ + cy] + 2c Xa + Coe ). 
The weighted means Zj, %, are shown in Table 3. 

The final estimates obtained differ only very 
slightly from the provisional estimates; the major 
function of the subsequent analysis has been to 
determine the relevant estimates of standard error. 

A determination of K,, at pH 9-77 was omitted 
from the calculations described on account of gross 
aberration (— 0-19 on the pK,, scale) from the pro- 
visionally fitted pK,, function. This aberration was 
judged, on account of its magnitude, to be almost 
certainly due to an atypical experimental defect 
such as an accidental contamination of the sub- 
strate. Omission of the aberrant determination 
increased the estimate of pK, by 0-05. 

It might seem above, since the variations in the 
weights w’ are not very marked, that a simpler un- 
weighted analysis would have sufficed. Almost the 
same estimates of K, and K, are obtained, but the 
estimates of standard error are affected: 


S.E. (pK,) = 0-044, s.z. (pK,) = 0-050. 
The main difference is in the standard error of pK, 
from which it is evident that the unweighted 
analysis has resulted in the amount of information 
regarding pK, being overestimated by nearly 100%. 


lI 
Il 


DISCUSSION 


The utility of the statistical methods described is 
largely self-evident in the illustrations given. The 
basic principles can be applied, with analogous 
computations, to other problems in enzyme kinetics 
such as the determination of inhibitor constants 
(cf. Dixon & Webb, 1958), and more generally are 
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applicable whenever functions of known or assumed 


form are to be fitted to experimental series of 


values. The calculations required are not unduly 


time-consuming, 


usually involving only a fraction 
of the corresponding time spent in laboratory work 
and planning. 


The statistical methods not only supply more 


accurate estimates and the necessary measures of 


precision but have a further advantage, in that 


subjective biases which might otherwise have 
arisen are thereby avoided. In fitting by eye, for 
instance, a series of straight lines to Lineweaver— 
Burk plots corresponding to a range of substrate 
pH values, there may be a subjective tendency to 
fit the lines either steeper or flatter than they 
should be, giving rise to distortions in the actual 
trend of K,, with pH. Another kind of bias arises if 
there is a subconscious tendency to make the trend 
in slope of the series of lines rather more uniform 
than it should be. A plot of the K,, determinations 
against pH would give, as a consequence of the 
subjective elimination of variability, a misleading 
visual impression of the accuracy of the experi- 
mental work, and certainly significance tests based 
on such determinations would be invalid. 

It should be emphasized that statistical measures 
of precision supply a gauge for random variation 
only. An experiment may supply, in this sense, a 
precise determination, which nevertheless is 
seriously biased by some defect or limitation in 


the experimental procedure. 


SUMMARY 


1. An account is given of the weighted and non- 
linear regression methods relevant to enzyme kinetic 


G. N. WILKINSON 


196] 


studies, with a brief preliminary outline of statistical 
terminology and the basic calculus of random 
variation. 

2. Statistical 
graphical determinations of the parameters K 


indicate that, for 
and 


considerations 
m 
V in the Michaelis-Menten equation, the linear 
plot of s/v against s is preferable to the double 
reciprocal plot. 

3. A 
estimating K,,,, 

4. The application of regression methods is 


computational given for 


V and the relevant standard errors. 


procedure is 


further illustrated with the estimation of dissocia- 


tion constants from a series of K,, determina- 


m 


tions. 


The author is grateful to Professor R. K. Morton, and to 
Dr M. R. Atkinson and Mr J. F. Jackson, for the collabora- 
tion which has led to the writing of this paper, and for 
permission to use their data in illustration. 
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Free Amino Acids of the Haemolymph of Schistocerca gregaria Forsk. 


By C. A. BENASSI, G. 
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Insect haemolymph contains free amino acids in 
blood of other 
animal groups; detailed data have been collected 


higher concentrations than the 


from different species of various orders of insects 
only in the last ten years, mainly after the de- 
velopment of microbiological and chromatographic 
methods of analysis. 

Some investigators have recently studied the 
variations of amino-acidaemia during develop- 
mental stages of holometabolous insects, in relation 


to the metabolic processes involved (cf. Florkin, 
1959). 

As part of a research on amino acid metabolism in 
Orthoptera, we report the quantitative 
pattern of the free amino acids in the blood of a 
Forsk., at 


here 


locust, Schistocerca gregaria various 
stages of development. A similar investigation on 
aegyptium L., has 


Colombo & 


a grasshopper, Anacridium 
already been 


Peretti, 1959). 


published (Benassi, 


| 
| 





fro 
of | 
the 
the 
are 
195 
30 
wit 


ins 
for 
wh 
der 


FO hb S@m se ZR 


T 








al 
m 


or 
id 
ar 
le 


to 
ra- 
for 


ms 


rch 
yd 


for 


d., 


oc. 


1 in 
ive 
fa 
us 
on 
nas 


& 





| 
| 
| 










Vol. 80 


MATERIAL AND METHODS 


Blood was analysed from 3rd and 5th instar hoppers and 
from adults of a normal pigmented and of an albino strain 
of S. gregaria Forsk. The strains were kindly supplied by 
the Anti-Locust Research Centre of London and reared at 
the Institute of Zoology of Padua University. The albinos 
are homozygotes for a single recessive gene (Hunter-Jones, 
1957). Hoppers and adults of both strains were reared at 
30°, under crowded conditions, fed on bran supplemented 
with dry yeast (10%) and on leaves of chicory. 

Samples of blood were taken from cut hind legs of several 
insects in order to pool at least 0-5-1-0 ml. of haemolymph 
for each group. The free amino acids from deproteinized 
whole blood were determined as the 2:4-dinitrophenyl 
derivatives by the methods of Sanger (1945) and Levy 
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(1954). The ether-soluble dinitrophenyl (DNP) amino acids 
were separated by two-dimensional paper chromatography 
according to Biserte & Osteux (1951) and the water-soluble 
DNP amino acids by one-dimensional chromatography 
according to Blackburn & Lowther (1951). The DNP 
derivatives of aspartic acid and glutamic acid, as well as 
those of asparagine and glutamine, migrate as a single spot 
in the chromatographic system commonly used. Separa- 
tion is obtained by using in the second run 2-5mM instead of 
1-5m-phosphate buffer. 

Each spot was eluted with 1% NaHCO, (15 min. at 60°) 
and readings were done at 360 mp (385 my for DNP- 
proline) with the Hilger Uvispek spectrophotometer. The 
amounts of each amino acid were calculated according to 
Levy (1954). For each sample five to ten chromatographic 
separations were carried out, and the average and the 





Table 1. (a) Free amino acids of haemolymph of pigmented Schistocerca gregaria 
Amino acid values are given as pmoles/100 ml. of haemolymph. 


5th instar Immature adults Mature adults 


3rd 


Sasi Ae pa ; : ee ae =a 
instar Males Females Males Females Males Females 
Glycine 843+11 45074139 4259+32 1375+45 1811+101 684 + 52 703 + 180 
a-Alanine 216+11 804+ 20 475+19 339 + 23 347+ 28 104+10 48+42 
Serine 193+9 604 + 20 376419 257+32 187+19 170+18 102+ 4 
Threonine 221+9 663 + 80 423+5 215+13 192+ 22 76+10 Traces 
Valine 263 +14 823 +34 652+51 357 +44 275+29 184+.9 69-+4 
Leucine and isoleucine 201+10 7171427 463 +19 225+14 187+23 101+8 57144 
Methionine 123+8 231415 256+5 140+3 Traces Traces 93+2 
— 274411 583426 1000419 820422 656423 290411 219413 
Glutamic acid } 
Glutamine 340+7 1656 +92 153+9 852+39 671+33 Traces 179+5 
Proline 350+11 1147+40 810+40 §45+21 807 +30 574+58 474+11 
Lysine 73+40 78+35 140+ 69 Traces Traces Traces 
Arginine 83+2 117+3 104+5 53+2 358 +19 58-+8 Traces 
Tryptophan 138 +20 170+11 148+7 115+16 96+21 Traces 5448 
Phenylalanine 8444 57+11 Traces 6448 Traces Traces Traces 
Tyrosine 254+ 21 1583 +51 903 +21 384+ 26 51+3 217+16 168+ 14 
Histidine 167+6 269 +32 337 +6 30+3 32+1 152+5 Traces 
Totals 3750 13 954 10 437 5641 5670 2648 2166 





Table 1. (b) Free amino acids of haemolymph of albino Schistocerca gregaria 
Amino acid values are given as pmoles/100 ml. of haemolymph. 


5th instar Immature adults 


Males ' Males 


3rd instar Females Females 
Glycine 2333 +75 1671-453 1381+38 1079 +41 1541+38 
«-Alanine 402 +50 247+8 189+9 189+-12 198-+6 
Serine 134+14 217+7 250+32 133 +12 139+12 
Threonine 214429 230+5 197+9 154+ 26 194+8 
Valine 191+7 229+ 7 211+9 217+15 278+9 
Leucine and isoleucine 134+ 29 182+-3 1538-410 137+12 163 +6 
Methionine Traces Traces 33+10 6442 58+4 
Aspartic acid =}, 403-460 1752413 1004 411 1349 +19 1476 4127 
Glutamic acid ) 
Glutamine 601 +30 176+7 178+10 396+ 16 224413 
Proline 394+ 22 509+7 376+8 437 +25 475+8 
Lysine Traces 35+2 Traces 
Arginine 371+419 88-43 536 +82 5142 1224-7 
Tryptophan Traces 140+4 164+3 93 +6 3742 
Phenylalanine Traces 5542 Traces Traces 3442 
‘Tyrosine 486 +56 115+4 186+7 9444 153417 
Histidine 511+18 48-+1 744424 86 +6 96-46 

Totals 6174 5659 5602 4514 5188 
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experimental error were calculated. Since the error showed 
rather large variations among the amino acids, it is 
reported in Tables la and 10. 

The separation of aspartic acid and glutamic acid was 
done only twice for each sample, therefore in Tables la 
and 16 the combined values are reported and in Tables 2a 
and 2b the proportions of the dicarboxylic amino acids are 
shown separately. 

Glutamine but not asparagine appeared to be present. 


RESULTS 


The values for 17 amino acids found in the 
haemolymph of the stages so far studied are re- 
ported in Tables 1a and 1b. Two DNP derivatives, 
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not yet identified, are not reported in the tables; 
they are present in such small amount that their 
determination was not possible. 
To facilitate a comparison of the relative concen- 
trations of amino acids at different stages of 
development, the percentages of each amino acid 
in the total content are given in Tables 2a and 2b. 
Glycine is the most abundant amino acid, repre- 
senting more than 25% of the total content of ' 
amino acids at all stages. Glutamic acid, glutamine, 
proline and tyrosine also occur in high concentra- 
tion and show quantitative variations at different 
stages. Other amino acids, namely . «-alanine, 
serine, threonine, valine and leucine and isoleucine, 


Table 2. (a) Amino acids of haemolymph of pigmented Schistocerca gregaria 


Values are expressed as percentages (by wt.) of the total content. 














5th instar Immature adults Mature adults 
8rd ; A ~ 3 ee : — A . 
Amino acids instar Males Females Males Females Males Females 
Glycine 22-48 32-30 40-66 24-38 31-54 25-42 31-73 
a-Alanine 5°75 5-76 4:53 6-01 6-04 3-86 2-16 
Serine 5-14 4:33 3-59 4-56 3-25 6-32 4-59 
Threonine 5-90 4-75 4-04 3-81 3°34 2-83 0-45 f 
Valine 7-01 5-90 6-22 6-33 4:78 6°84. 3°12 
Leucine and isoleucine 5:36 5-14 4-42 3-99 3-25 3-75 2-56 
Methionine 3-28 1-65 2-44 2-48 0-44 0:37 4:21 
Aspartic acid 1-68 1-15 2-00 1-57 0-63 1-30 0-63 
Glutamic acid 5-64 2-68 7-50 12-97 10-79 9-50 9-26 
Glutamine 9-06 11-87 1-46 10°31 11-68 0-37 8-08 
Proline 9-33 8-22 7-73 9-66 14-05 21-36 21-39 
Lysine _ 0-52 0:74 2°47 0-44 1-03 0-45 
Arginine 2-20 0-84 0-99 0-94 6-23 2-54 0-45 
Tryptophan 3°69 1-22 1-41 2-04 1-67 0:37 2-42 
Phenylalanine 2-25 0-41 0-48 1-13 0-44 0:37 0-45 
Tyrosine 6-77 11-35 8-62 6-81 0-89 8-09 7-58 
Histidine 4-45 1-92 3-22 0-54 0-56 5-68 0-45 
Totals 99-99 100-01 100-05 100-00 100-02 100-00 99-98 
Table 2. (b) Amino acids of haemolymph of albino Schistocerca gregaria 
Values are expressed as percentages (by wt.) of the total content. 
5th instar Immature adults 
3rd _ ; es =, 
Amino acids instar Males Females Males Females 
Glycine 37°30 29-40 24-43 23°77 29°56 
a-Alanine 6-42 4:35 3-34 4-16 3-80 
Serine 2-14 3-82 4-42 2-93 2-67 
Threonine 3°42 4-05 3°49 3°39 3°72 } 
Valine 3-05 4-03 3°73 4-78 5°33 
Leucine and isoleucine 2-14 3-20 2-71 3-02 3:13 I 
Methionine 0-40 0-44 0-58 1-41 1-11 
Aspartic acid 1-39 3°88 2-76 3°95 7-16 
Glutamic acid 5-06 29-94 15-00 25°77 21°15 ! 
Glutamine 9-61 3-10 3°15 8-72 4-30 
Proline 6-30 8-95 6°65 9-63 9-11 
Lysine —_ -—— 0-44 0:77 0-48 
Arginine 5-93 1-55 9-48 1-12 2-34 \ 
Tryptophan 0-40 2-46 2-90 2-05 0-71 
Phenylalanine 0-40 0:97 0-44 0-55 0-65 } 
Tyrosine 7-78 2-02 3-29 2-07 2-93 
Histidine 8-31 0-84 13-16 1-89 1-84 
Totals 100-05 100-00 99-97 99-98 99-99 
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occur almost always in the same proportions (about 
5% of the total amino acid content). Methionine, 
aspartic acid, lysine and arginine are present in 
smaller quantity, each representing about 1% of 
the total amino acids. Tryptophan and histidine 
represent about 2% of the total, with large varia- 
tion among the stages. Phenylalanine is the 
compound found in the smallest quantity. 


DISCUSSION 


The number of amino acids identified in S. 
gregaria haemolymph by us is the highest, so far as 
we know, found in Orthoptera. In the blood of 
nymphs of Locusta migratoria migratorioides 16 
amino acids were determined (Duchateau & 
Florkin, 1958), in Anacridiwm aegyptium L. 14 
(Benassi e¢ al. 1959), and in S. gregaria 11 (Tre- 
herne, 1959). These differences might be due to 
different analytical methods and to the small con- 
centration of some amino acids. However, it may 
also depend on species differences and on variations 
connected with the physiological and environ- 
mental conditions of the insects. 

The concentrations of almost all the free amino 
acids found by others in Orthoptera are of the same 
order as those reported here, though Treherne 
(1959) found a larger amount of serine in S. 
gregaria. 

Normal pigmented and albino locusts of different 
sexes were analysed separately at different stages 
of development. Rather large variations of the 
content of total free amino acids were found at 
different stages of the normal pigmented insects. 
These changes are possibly related to difference of 
water content of the blood, due to different en- 
vironmental conditions, such as humidity and food 
succulence, since samples of blood were taken in 
different periods of the year, from January to June. 
Comparable variations were not found at different 
stages of development in the albino strain, which 
was analysed in a shorter period. Although there is 
evidence of a decrease of most amino acids in the 
mature old animals, mainly in the females, 
differences between sexes are probably not signifi- 
cant. Moreover, the proportions of each amino 
acid do not show a parallel change. 

Analyses of free amino acids in the haemolymph 
provide no evidence for the possible role of the 
amino acids in the physiological changes that 
accompany development and maturation. Never- 
theless, it is of interest to consider the relative con- 
centration of certain amino acids in relation to the 
metabolic activity in the fat bodies of S. gregaria. 
In insects, fat bodies are spread in the general 
cavity where haemolymph freely diffuses, and 
extensive exchanges between fat bodies and haemo- 
lymph are very likely. 
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Glycine, always present in the largest quantity, 
in the haemolymph is involved in many metabolic 
processes (Clements, 1959), but its high concentra- 
tion is possibly related to its osmotic function in 
insect blood (Buck, 1953). The presence of glutamic 
acid and glutamine in a high concentration can be 
related to transaminase and glutaminase activities 
in fat bodies (Kilby & Neville, 1957; Clements, 
1959). Proline also occurs in relatively high 
quantity; its relations to the metabolic processes 
are not yet clarified. In S. gregaria fat bodies, 
Kilby & Neville (1957) observed no synthesis of 
glutamate from proline. 

Tyrosine is an important compound for cuticle 
synthesis and melanogenesis (cf. Hackman, 1958); 
its concentration in haemolymph is relaiively 
large and higher in normal pigmented animals than 
in albino strain. A similar difference is observed 
with phenylalanine and tryptophan. The analysis 
of these three amino acids of the cuticle may indi- 
cate more important differences between pig- 
mented and albino strains, since insectorubin, a 
pigment formed from tryptophan (cf. Cromartie, 
1959), decreases by about 85% in albino S. 
gregaria (Bellamy, 1958). 

Data on the exchanges of free amino acids 
between blood and tissues are still scanty; some 
free amino acids appear to be present only in the 
tissues, e.g. B-alanine, cysteine and cystine were 
found in ovaries and in embryos of S. gregaria but 
not in the blood of hopper and adult locust 
(G. Colombo, C. A. Benassi, G. Allegri & E. Longo, 
in preparation). 


SUMMARY 


1. Seventeen free amino acids were identified in 
the whole blood of normal pigmented and of 
albino locust Schistocerca gregaria. 

2. No significant differences in the content of 
free amino acids were found during nymphal 
development and sexual maturation except a 
decrease in total free amino acids in the oldest 
animals. 

3. Glycine, proline, glutamic acid and glutamine 
represent the largest part of the free amino acids in 
all the stages. 

4. In normal pigmented hoppers and locusts, 
tyrosine, phenylalanine and tryptophan are present 
in larger concentration than in albino insects. 


REFERENCES 


Bellamy, D. (1958). Biochem. J.'70, 580. 

Benassi, C. A., Colombo, G. & Peretti, G. (1959). Haperi- 
entia, 15, 457. 

Biserte, G. & Osteux, R. (1951). Bull. Soc. Chim. biol., 
Paris, 33, 50. 





336 

Blackburn, 8S. & Lowther, A. 8S. (1951). 
126. 

Buck, J. B. (1953). In 
Ed. by Roeder, K. D. 
Ltd. 

Clements, A. N. (1959). J. exp. Biol. 36, 656. 

Cromartie, R. I. T. (1959). Annu. Rev. Ent. 4, 59. 

Duchateau, G. H. & Florkin, M. (1958). Arch. int. Physiol. 
66, 573. 


Biochem. J. 48, 


Insect Physiology, p. 147. 
London: Chapman and Hall 


C. A. BENASSI, G. COLOMBO AND G. ALLEGRI 


12, 63. 
Hackman, R. H. (1958). 
Vienna, 12, 47. 
Hunter-Jones, P. (1957). Nature, Lond., 180, 236. 
Kilby, B. A. & Neville, E. (1957). J. exp. Biol. 34, 276. 
Levy, A. L. (1954). Nature, Lond., 174, 126. 
Sanger, F. (1945). Biochem. J. 39, 507. 
Treherne, J. E. (1959). J. exp. Biol. 36, 533. 





Biochem. J. (1961) 80, 336 


Paper-Chromatographic Separation of Chlorophylls and Carotenoids 
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Although many methods have been described for 
the partial separation of chloroplast pigments by 
paper chromatography (see review by Sestak, 1958) 
the species examined have been mainly higher 
plants and algae of the class Chlorophyceae, in 
which the main chloroplast pigments are chloro- 
phylls a and 6b, with f-carotene and lutein as the 
major carotenoids. In the present work, a method 
was required for studying the pigment composition 
of planktonic algae which occur in the oceanic 
waters off Sydney. Representatives are found not 
only of the Chlorophyceae but also of the Bacil- 
lariophyceae, Dinophyceae and Chrysophyceae, 
and one would expect to find chlorophylls a, 6 and c 
together with a wide range of carotenoids (Strain, 
1958). The method described below, which is a 
modification of the two-dimensional method of 
Lind, Lane & Gleason (1953), has enabled studies of 
the pigment composition of such diverse algal 
groups to be made, since it provides a complete 
separation of mixtures of chlorophylls a, b and c, 
carotenes and the xanthophylls lutein, violaxan- 
thin, neoxanthin, fucoxanthin, peridinin and 
astaxanthin, as well as a number of xanthophyll 
pigments which occur in relatively small quantities. 


EXPERIMENTAL 
Materials 


Representatives from four classes of marine algae were 
studied: green flagellates from the Chlorophyceae, diatoms 
from the Bacillariophyceae, naked dinoflagellates from the 


Dinophyceae and golden-brown flagellates from the 


Chrysophyceae (Fritsch, 1948). The material used was 
obtained either from uni-algal, but not bacteria-free, 
cultures of marine algae, or from mixed natural plankton in 


sea-water samples. The uni-algal cultures studied included 
green flagellates [Dunaliella tertiolecta Butcher, 
Nannochloris atomus Butcher, Chlorella stigmatophora 
Butcher and Tetraselmis suecica (Kylin) Butcher], three 
diatoms [Phaeodactylum tricornutum Bohlen, Nitzschii 
closterium (Ehr.) and Skeletonema costatum (Grev.)], one 
dinoflagellate (Gymnodinium sp.) and two golden-brown 
flagellates (Isochrysis galbana Parke and Sphaleromantis 
sp.). Phaeodactylum, Dunaliella and Isochrysis were ob- 
tained from Dr Mary Parke of the Marine Laboratory, 
Plymouth. The other organisms were isolated from mixed 
plankton samples taken from the coastal waters off 
Sydney. 

The organisms were grown in an Erdschreiber medium, 
consisting of sea water enriched with nitrates, phosphates 
and soil extract. The soil extract was prepared by auto- 
claving 1 kg. of soil with 11. of tap water at 15 Ib./in.? for 
2-3hr., and filtering through an Eaton—Dikeman Paper 541. 
After diluting 1 vol. of the resulting extract with 2 vol. of 
tap water, concentrated stock nutrient media were prepared 
by adding 0-2 g. of NaNO, and 0-03 g. of Na,gHPO,,12H,0 
to every 50 ml. of soil extract, and autoclaving at 
5 lb./in.* for 1 hr. The final culture medium was prepared 
when needed by adding 50 ml. of this enriched extract to 
11. of filtered sea water, and autoclaving at 5 lb./in.? for 
l hr. Stock cultures of algae were maintained in 200 ml. of 
culture medium in 250 ml. Erlenmeyer flasks at 18°, and 
illumination was from 40w fluorescent tubes giving a light 
intensity of approx. 400 ft.-candles. Bulk cultures (4 1.) 
were continuously aerated in 51. Erlenmeyer or Haffkine 
flasks, and were used for analysis after 2-4 weeks’ growth. 
The algae were harvested by continuous centrifuging at 
5000g and the cells were washed several times by centri- 
fuging at about 2000g for 10 min. This process removed 
most of the bacteria, as judged by microscopic examination 
under phase contrast. 

In addition to these uni-algal cultures, mixed natural 
plankton from sea-water samples was used for pigment 
analysis. At least 351. of sea water was needed to obtain 
sufficient pigments for chromatography. The sea water was 
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collected in 3 gallon plastic jars and the algae were harvested 
and extracted within 2 hr. of collection of the water sample 
at sea. 


Methods 


Preparation of pigment extracts. All reagents and solvents 
used for the extraction and chromatography were A.R. 
chemicals, and were used without further purification. 
Throughout the entire extraction period the tubes con- 
taining the pigments were kept in the dark as much as 
possible. 

Cells were harvested by centrifuging, and with bulk 
cultures or large volumes of sea water continuous centri- 
fuging at 5000g was used (Davis, 1957). The sedimented 
cells (between 0-1 and 0-5 ml. of wet packed cells) were 
extracted several times for 1-2 min. with small volumes 
(5-10 ml.) of 90% acetone until the residue was colourless. 
The combined acetone extracts were mixed with an equal 
volume of diethyl ether in a separating funnel, and washed 
thoroughly with at least 5 vol. of 10% (w/v) NaCl. It is 
necessary to use diethyl ether instead of light petroleum in 
this purification step, since chlorophyll c is insoluble in the 
latter solvent. The ether separated the pigments quanti- 
tatively from the acetone- and water-soluble impurities. 
After several washings with NaCl, the ether layer con- 
taining the pigments was collected, centrifuged briefly to 
remove suspended water droplets, transferred to a Petri 
dish and evaporated to dryness by blowing a stream of cool 
air over the solution. After evaporation of the ether, the 
pigment residue was freed from the remaining water drop- 
lets by drying in a current of air. This procedure was found 
more satisfactory than drying under a vacuum, or by the 
use of anhydrous sodium sulphate, which adsorbed the 
pigments. The pigment residue was then redissolved in the 
minimum quantity of diethyl ether and sometimes a trace 
of acetone was necessary to facilitate solution. Any 
remaining water droplets were removed by centrifuging 
before chromatography, since for good resolution of the 
pigments on the vhromatogram it was essential that the 
extract be completely dry. 

Pigments were not extracted with equal ease from all 
species of algae. The diatoms and p-flagellates, which were 
particularly resistant, were first suspended in water (for 
1-3 min. for diatoms and 30 min. for the ,-flagellates). 
This caused the cells to swell, and extraction then pro- 
ceeded with little difficulty. 

Since, when plankton from sea-water samples was left 
overnight in 90% acetone (Humphrey, 1960), there was 
always some breakdown (about 5-10%) of the chloro- 
phylls to pheophytins, the cells were suspended in water for 
about 30 min. before acetone extraction, and 98% of the 
pigments were released by this treatment. If the residue 
was then left overnight in acetone, only a trace (less than 
2% of the total) of material absorbing at 665 my was ob- 
tained. Chromatograms of extracts obtained by the water 
treatment were free of pheophytin components, except 
when large amounts of decomposing cells were seen micro- 
scopically before extraction. In these cases the pheophytins 
were presumably present in the original plankton sample. 

Chromatography. Two-dimensional ascending chromato- 
graphy was carried out at room temperature (18—23°) in the 
dark. Whatman 3MM chromatography paper was cut into 
22 cm. squares, the extract, containing about 20-30 yg. of 
pigment, was applied at the origin, the paper was clipped 
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together to form a cylinder and placed in a jar previously 
equilibrated with fresh solvent mixture. 

Solvents. Methanol, ethanol, propan-l-ol, propan-2-ol, 
butan-1l-ol and isopentanol in concentrations up to 4% 
(v/v) in light petroleum, b.p. 60-80°, were tested, and 4% 
propan-1-ol in light petroleum was chosen as giving the 
best resolution of carotenes, pheophytins and chlorophylls 
a,b and c. Because the xanthophylls overlay chlorophylls 
a and b, development of the chromatogram at right angles 
to the first dimension was necessary for the separation of 
these pigments. 

This was achieved by using, as the second solvent, 30% 
(v/v) chloroform in light petroleum, b.p. 60-80° (cf. Lind 
et al. 1953). The chromatograms were developed for about 
30 min. in each solvent, and allowed to dry in the dark for 
a few minutes after each run. Since the composition of 


both solvent mixtures was critical for good resolution of 


the pigments, the solvents were made up freshly each day. 

If pigment extraction and chromatography were com- 
pleted in 2hr., no breakdown of the labile pigments 
resulted, and chromatograms of young cultures of algae 
were free of pheophytin spots. 

For quantitative measurements, portions of pigment 
extracts were chromatographed and the spots correspond- 
ing to the various pigment fractions were eluted with 
ethyl ether for the carotenoids and with acetone for the 
chlorophylls. The extinction of the eluate was read in a 
Unicam SP. 500 spectrophotometer, and the results are 
expressed as mg. of pigment/g. dry wt. of cells. 

Identification of pigments. Pigments were characterized 
after elution from the chromatogram by their absorption 
spectra as described by Strain, Manning & Hardin (1944), 
Goodwin (1955), Smith & Benitez (1955), Strain (1958) and 
Anderson (1959). Good agreement with the published data 
was obtained. Table 1 shows the absorption maxima ob- 
tained for the pigments studied. Examples from only a 
few organisms are given, but in all cases similar agreement 
with the published data was obtained. It must be noted, 
however, that contamination of any one xanthophyll 
fraction with small quantities of similar pigments would not 
be detected spectrophotometrically. 

That the astaxanthin found in Nannochloris atomus was 
esterified was indicated by its chromatographic and 
spectrophotometric similarity with esterified astaxanthin 
prepared from eggs of Artemia salina (Gilchrist & Green, 
1960). In addition, esterified astaxanthin from both 
sources was epiphasic when solutions of the pigment in 
light petroleum were shaken with 90% methanol (Goodwin 
& Srisukh, 1949). 

The pigment fractions were further identified by co-chro- 
matography with authentic samples in the two solvent 
systems (4% propan-l-ol in light petroleum and 30% 
chloroform in light petroleum). The pigments from two 
previously examined organisms were used as standards. 
Dunaliella tertiolecta, studied by Gilchrist & Green (1960), 
provided standard chlorophylls a and b, carotenes, lutein, 
violaxanthin and neoxanthin, and Nitzschia closterium, 
analysed by Strain et al. (1944), provided standard chloro- 
phylls a and c, carotenes, diatoxanthin, diadinoxanthin, 
fucoxanthin and neofucoxanthins. Since no previously 
examined dinoflagellate cultures were available to us we 
had no authentic source of dinoxanthin or peridinin, and in 
these two cases provisional identification rested solely on 
absorption data. In every other case co-chromatography of 
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Table 1. 
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1961 


Absorption maxima of pigments in marine algae separated by paper chromatography 


References: 1, Smith & Benitez (1955); 2, Anderson (1959); 3, Strain, Manning & Hardin (1944); 4, Goodwin & 


Srisukh (1949). 


Published Maxima 
maxima found 
Pigment (mp) Reference (mp) 
Chlorophyll a 663, 615, 580, 1 665, 618, 580, 


535, 430, 410 


535, 430, 412 


Solvent 
Acetone 


Acetone 
Ethyl ether 


Ethyl ether 
Ethyl ether 
Ethyl ether 
Ethanol 
Ethanol 
Ethanol 


Ethanol 
Ethanol 


Ethanol 


Carbon disulphide 
Pyridine 


Organism 
Dunaliella tertiolecta 


D. tertiolecta 
Isochrysis galbana 


D. tertiolecta 
D. tertiolecta 
D. tertiolecta 
I. galbana 
I. galbana 
I. galbana 


I. galbana 
Gymnodinium sp. 


Gymnodinium sp. 


Nannochloris atomus 


D. tertiolecta 


Chlorophyll 6 645, 595, 455 l 645, 598, 455 
Chlorophyll c 626, 577-5, 1 625, 580, 445 
443-6 
Lutein 422, 445, 476 2 422, 445, 474 
Violaxanthin 421, 440, 470 2 421, 441, 471 
Neoxanthin 414, 436, 466 2 414, 437, 466 

Diatoxanthin 453, 481 3 453, 481 
Diadinoxanthin 448, 478 3 448, 478 

Fucoxanthin 453 3 453 
Neofucoxanthin A 447 ‘ * 
Neofucoxanthin B 446 3 447 
Dinoxanthin 441-5, 471) ‘ a sais 
Diadinoxanthin 448,478 | 3 446, 475° 
Peridinin 475 | ‘ aie 
Neoperidinin 464 | . £70 
Esterified astaxanthin 503 4 501 

488 486 
«- and £-Carotene mixtures 428, 452, 480 2 429, 450, 478 


Ethyl ether 


* One spot obtained and assumed to be a mixture of these two components. 





a standard pigment with the appropriate pigment fraction 
from a previously unexamined organism resulted in a 
single spot on the chromatogram in both solvent systems. 
This was taken as satisfactory evidence for the identifica- 
tion of the pigments. 


RESULTS 
Separation of pigments 


Fig. 1 shows chromatograms obtained from 
typical Chlorophyceae, 
Bacillariophyceae, Dinophyceae and Chrysophy- 
ceae. The chlorophylls and carotenes showed good 
separation and in uni-algal cultures the xantho- 
However, when 


representatives of the 


phylls also gave good resolution. 
extracts from different organisms were mixed and 
chromatographed together some overlapping of the 
xanthophyll zones occurred. In mixtures of diatoms 
and dinoflagellates peridinin appeared between 
fucoxanthin and neofucoxanthins A and B, and 
overlapped both components. In mixtures of green 
flagellates and diatoms, violaxanthin, diatoxanthin 
and diadinoxanthin appeared as one spot on the 
chromatogram. «- and B-Carotene did not separ- 
ate. Esterified astaxanthin (e.g. in Nannochloris 
atomus or in sea-water samples containing a few 
zooplankton) appeared as a pink zone which ran 
behind the fraction in both 


closely carotene 


solvents. 


Good resolution of the pigments from 
sea-water samples was obtained, and these corre- 
sponded to the pigments expected on the basis of 
microscopic examination of algal types in the 
sample. 


Mean RF, values for the chloroplast pigments of 
marine algae are given in Table 2, and Table 3 
shows quantitative data on the pigment composi- 
tion of some algae. The extinction coefficients used 
for the carotenoids are those quoted by Goodwin 
(1955), but where these are unknown the extinction 
coefficient for carotene was used (Alien, Goodwin & 
Phagpolngarm, 1960). Extinction coefficients for 
chlorophylls a and b are given by Smith & Benitez 
(1955). No extinction values for pure chlorophyll ¢ 
are available, and the provisional value of 22-0 
given by Smith & Benitez (1955) was used. This 
extinction value was considered more accurate 
than the ‘specific pigment units’ used for the 
estimation of chlorophyll c by Richards & Thomp- 
son (1952). 

A red cryptomonad, Chroomonas erroticon nom. 
prov., which has recently been obtained in uni-algal 
culture, contained chlorophylls a and c, carotenes, 
three unidentified xanthophyll fractions, as well as 
a pink fluorescent water-soluble phycoerythrin 
fraction with an absorption maximum at 550 mp, 
which is as yet unidentified. 


Decomposition products 


Pheophytins were prepared as described by 
Smith & Benitez (1955) and R, values for pheo- 
phytins a, b and c are shown in Table 2. Pheophytin 
a was always present in extracts of old cultures and 
in plankton samples that contained much decom- 
posing material. Pheophytin b was not observed in 
any extracts of the algae examined. In extracts 
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Fig. 1. Two-dimensional chromatograms of pigments in marine algae. (A) Dunaliella tertiolecta. (B) Isochrysis 
galbana. (C’) Skeletonema costatum. (D) Gymnodinium sp. (E) Mixed extract of Skeletonema costatum, Dunaliella 
tertiolecta and Gymnodinium sp. (F) Sea-water extract containing mixed diatoms and dinoflagellates. Chromato- 
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on 11, chlorophyll a’ (blue-green) ; 12, chlorophyll 6 (olive green); 13, chlorophyll b’(olive green); 14, fucoxanthin 
(deep orange); 15, peridinin (reddish orange); 16, neofucoxanthin A and B (orange); 17, neoxanthin (yellow); 


18, chlorophyllide a (blue-green); 19, chlorophyll c (light green); 20, pheophytin c (light greenish-brown). 
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derived from old cultures, or extracts that were 
aged for several days, the chlorophyll a and b spots 
sometimes separated into two zones during de- 
velopment in the chloroform—light petroleum 
solvent. These may be the isomerization products 
which Strain (1958) designated chlorophyll a’ and 
chlorophyll b’. 


Second chlorophyll a fraction 


Several of the marine algae (Phaeodactylum tri- 
cornutum, Skeletonema costatum and the flagellate 
Sphaleromantis sp.) and some of the sea-water 
samples that were collected under conditions of a 
diatom bloom showed a blue-green zone in addi- 
tion to the usual chlorophyll a spot. This new blue— 
green zone ran just ahead of chlorophyll ¢ after 
development with 4% propan-1-ol in light petrol- 
eum, but was never completely separated from it. 
This new chlorophyll did not move in chloroform— 
light petroleum. The absorption spectrum in 
acetone resembled closely that of chlorophyll a, 
with maxima at 663, 615, 580, 535, 429 and 417 my, 
but its chromatographic behaviour was quite 
different. The unknown pigment could be separated 
from chlorophyll ¢ with ethyl ether as the chro- 
matographic solvent. Under these conditions, the 
earotenes, xanthophylls and ‘normal’ chlorophyll 
a travelled together just behind the solvent front, 
followed by a discrete blue-green spot (the second 


Table 2. R, values of pigments from marine algae 
separated by two-dimensional chromatography 


These R, values are mean values for pigments separated 
from the ten marine algae studied. Because R, values in 
these systems may vary according to the quantity of pig- 
ments put on the paper, with the time of development and 
the organism used (Sestak, 1958), the values indicate the 
relative position of the pigments on the chromatogram, 
rather than absolute values. 


Rp 
First Second 
Pigments dimension dimension 

Carotenes 0-96 0-96 
Chlorophyll a 0-84 0-29 
Chlorophyllide a 0-38 0 

Chlorophyll b 0-65 0-10 
Chlorophyll c 0-20 0 

Esterified astaxanthin 0-87 0-88 
Lutein 0-74 0-78 
Violaxanthin 0-65 0-48 
Neoxanthin 0-32 0-05 
Diatoxanthin 0-57 0-60 
Diadinoxanthin 0-54 0-44 
Dinoxanthin 0-54 0-44 
Fucoxanthin 0-49 0-28 
Neofucoxanthin A and B 0-49 0-08 
Peridinin and neoperidinin 0-51 0-23 
Pheophytin a 0-87 0-96 
Pheophytin 6 0-70 0-89 
Pheophytin c 0-00 0-00 


some marine algae 


Table 3. Pigment composition of 
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chlorophyll a derivative). Chlorophyll ¢ moved a 
little from the origin. The basicity test of Will- 
statter & Stoll (1913) showed this material to be 
a chlorophyllide derivative of chlorophyll a, and it 
was subsequently found that the conversion of 
chlorophyll a into the new form resulted from the 
presence of a highly active chlorophyllase in some 
of the algae. The occurrence and properties of this 
enzyme in marine algae will be discussed elsewhere. 


DISCUSSION 


Some workers have tacitly assumed that two- 
dimensional chromatography is too slow for the 
resolution of labile plant pigments (Sestak, 1958), 
but the method which is described here is rapid 
and simple, and no apparent decomposition of 
pigments occurs if the precautions of quick ex- 
traction and absence of light are observed. 

Complete separation of all the minor xanthophyll 
components was not achieved by the method, 
although for any one organism the xanthophyll 
resolution was considered satisfactory. In mixtures 
of organisms the xanthophyll spots showed a 
certain degree of overlapping, particularly peridinin 
and fucoxanthin. These two pigments could be 
resolved by a third development in the direction of 
the second dimension with higher proportions of 
chloroform to light petroleum (up to 60%, v/v). 

Astaxanthin, which is usually thought to be an 
animal carotenoid, but which has been described in 
the green alga Haematococcus pluvialis (Kuhn, Stene 
& Sorensen, 1939; Goodwin & Jamikorn, 1954), 
was found in an esterified form in the green p- 
flagellate Nannechloris atomus, which was isolated 
from the coastal waters off Sydney. The concen- 
tration of this pigment increased appreciably with 
the age of the culture. 

The xanthophylls in the two members of the 
Chrysophyceae which were examined are of some 
interest. Both organisms contained fucoxanthin 
and isomers as the major carotenoids and diato- 
xanthin as a minor pigment. Isochrysis galbana 
showed in addition the presence of small quantities 
of diadinoxanthin, whereas Sphaleromantis con- 
tained a yellow pigment similar to dinoxanthin, 
with absorption maxima at 477 and 444myp in 
ethanol. Allen e¢ al. (1960) identified fucoxanthin 
and diatoxanthin in members of the Chryso- 
phyceae, and Dales (1960) found fucoxanthin and 
diadinoxanthin in cultures of Isochrysis galbana. 
The latter author claimed that chlorophyll c was 
not present in any of eight members of the Chryso- 
phyceae which he examined, whereas chlorophyll c 
was found in all cultures of Isochrysis galbana and 
Sphaleromantis studied in the present work. The 
failure to find chlorophyll c apparently resulted 
from the use of light petroleum, in which chloro- 
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phyll c is insoluble, instead of diethyl ether in the 
extraction procedure. 

The quantitative measurements showed that the 
concentration of chlorophylls was approximately 
13-3 times the concentration of the éarotenoids in 
the organisms studied. The concentration of the 
accessory chlorophylls b and ¢ was of the same 
order of magnitude as that of chlorophyll a, 
although the chlorophyll c values are tentative 
figures only, owing to uncertainty about the true ex- 
tinction values for chlorophylic. In the diatoms and 
golden-brown flagellates fucoxanthin and isomers 
constituted 80-90% of the total carotenoids, and 
peridinin accounted for 70% of the total carotenoids 
in the dinoflagellate cultures. Each of the minor com- 
ponents in these organisms (carotene, diatoxanthin, 
diadinoxanthin ete.) represented about 5% of the 
total carotenoids. Lutein, in the green flagellates, 
accounted for 40% of the total carotenoids, with 
carotene, violaxanthin and neoxanthin present in 
quantities ranging from 10 to 20% of the total. 

The four green flagellates (Chlorophyceae) 
studied contained chlorophylls a and 6 and caro- 
tenes and gave three prominent xanthophyll zones 
corresponding to lutein, violaxanthin and _neo- 
xanthin. The three diatoms (Bacillariophyceae) and 
the two golden-brown flagellates (Chrysophyceae) 
showed a similarity in their pigment composition 
with chlorophylls a and c, carotenes and fucoxan- 
thin and isomers as the major xanthophylls. The 
dinoflagellate (Dinophyceae) was distinguished by 
the presence of peridinin in place of fucoxanthin as 
the major xanthophyll, in addition to chlorophylls 
a and c, carotenes and the minor xanthophylls 
shown in Fig. 1. It is therefore apparent from the 
present work that chlorophylls a, b and c, the 
carotenes and the xanthophylls lutein, fucoxanthin 
and peridinin are quantitatively the most im- 
portant photosynthetic pigments found in algae 
which comprise the phytoplankton organisms 
studied. 

SUMMARY 


1. Two-dimensional paper chromatography with 
propan-1-ol-light petroleum and chloroform-—light 
petroleum mixtures separated the chloroplast 
pigments of marine algae belonging to the classes 
Chlorophyceae, Bacillariophyceae, Dinophyceae 
and Chrysophyceae. 

2. The pigments separated included chloro- 
phylls a, b and c, their pheophytins, the carotenes, 
the xanthophylls lutein, violaxanthin, neoxanthin, 
fucoxanthin peridinin, esterified 
astaxanthin and a number of minor xanthophyll 


and isomers, 
components. 

3. The concentration of the accessory chloro- 
phylls 6 and c was of the same order of magnitude 
as that of chlorophyll a. Fucoxanthin and _ peri- 
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dinin, and their isomers, constituted 80—90 % of the 
total carotenoids in the organisms which contained 
these pigments. 

I wish to thank Dr R. W. Butcher, Fisheries Laboratory, 
Burnham-on-Crouch, Essex, for identifying some of the 
organisms which were used in this investigation. 
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Cell particles, separated by high-speed ultra- 
centrifuging from preparations of human and rat 
gastric mucosa, have been shown to contain as 
much as half of the intrinsic-factor activity of the 
whole preparation (Taylor, 1955). The activity of 
the human particles may be removed by disruption 
with water, in which the active material subse- 
quently dissolves, but in the rat the activity 
remains bound to the disrupted particles (Taylor, 
Mallett, Witts & Taylor, 1958b). The activity from 
the human particles may be further concentrated 
into a ‘substance E’ (O’Brien, Taylor, Turnbull & 
Witts, 1955), which on paper electrophoresis, 
electrophoresis in the Tiselius apparatus and 
Svedberg ultracentrifuging cannot be resolved into 
more than one component. Substance E promotes 
the absorption of ®Co-labelled vitamin B,,. in 
patients with pernicious anaemia in doses of about 
10 mg., but this represents a low order of activity 
and it has been provisionally suggested that sub- 


stance E may be a precursor of intrinsic factor 
(O’Brien et al. 1955). Further investigations into 


the activity of substance E and related studies are 
now reported. 


METHODS 


Substance E was prepared as described by O’Brien et al. 
(1955) from human gastric mucosa. 

Paper electrophoresis was carried out at room temper- 
ature for 16 hr. in a horizontal bath with a current of 1 ma/ 
4cm. width of paper strip and diethylbarbituric acid- 
sodium diethylbarbiturate buffer (pH 8-6, J 0-06). The 
paper strips were stained with 1% bromophenol blue in 
ethanol saturated with mercuric chloride. 

Ultracentrifugal studies were carried out in the Oxford 
Svedberg ultracentrifuge under the guidance of Professor 
A. G. Ogston, F.R.S. 

Intrinsic-factor activity was assayed in patients with 
pernicious anaemia in remission by giving 0-5 yg. of ®°Co- 
labelled vitamin B,, in aqueous solution by mouth, alone 
and then with preparations of intrinsic factor, and com- 
paring the amounts of radioactivity appearing in the stools. 
Measurements of activity were made in a ring of Geiger 
counters, similar to that described by Bradley (1957). In 
order to compare quantitatively results obtained with 
different fractions and patients, the increase of absorption 
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of radioactive vitamin B,. promoted by any fraction, over 
that occurring with a control dose of vitamin B,, alone, is 
expressed as a percentage of the oral dose of the vitamin 
(0:5 wg.)/mg. of the fraction under test. Not more than 
five assays were performed in any one patient. Two control 
assays with radioactive vitamin B,, alone were sometimes 
done in order to ensure that the patient was both a reliable 
collector of faeces and not subject to spontaneous fluctua- 
tions in absorption of vitamin B,,. In the inhibitor experi- 
ments, duplicate estimations of the activity of hog in- 
trinsic factor were made for the same reason. 

Nitrogen was estimated by a micro-Kjeldahl technique 
and absorption spectra in a Unicam SP. 500 spectrophoto- 
meter. 

To establish another criterion of homogeneity, attempts 
were made to make antibodies to substance E. This 
material was made up with complete Freund adjuvant and 
injected by multiple intramuscular and subcutaneous 
puncture into healthy rabbits of mixed strain (Taylor & 
Morton, 1958). Antibodies to substance E were detected 
in the sera by simple tube precipitation tests and by an 
agar-gel-diffusion technique (Ouchterlony, 1948). The 
capacity of the antisera to inhibit intrinsic-factor activity 
was measured by mixing an amount of substance E known 
to be active by the faecal excretion test with antiserum, 
keeping it overnight and then administering supernatant 
and precipitate separately, with the usual 0-5 ug. test dose 
of labelled vitamin B,,, to a patient with pernicious 
anaemia, one test following the other. 

Blood-group-substance activity was measured by adding 
serial dilutions of substance E to 1:3 dilutions of anti-A and 
anti-B grouping sera, leaving the mixtures at room tempera- 
ture for 30 min., then adding a 5% suspension of A, and B 
cells and recording agglutination. Purified blood-group 
substances, kindly provided by Dr W. T. J. Morgan of the 
Lister Institute, were used for comparison, 


RESULTS 


Physical and chemical properties of substance E. 
The nitrogen content of seven batches of substance 
E, prepared during 1955-1958, varied from 11-7 to 
12.4%, mean 12:0%, with one exception, the 
nitrogen content of which was only 94%. 
Qualitative tests were also carried out on five 
batches of substance E. The biuret reaction, Millon’s 
test for tyrosine and Molisch’s test for carbo- 
hydrate were positive in all. Tests for organic 
sulphur and phosphate were negative. It is there- 
fore concluded that substance E is a glycoprotein 
containing tyrosine but not sulphur-containing 
amino-acids. 

All four batches tested at pH 6-7 showed an 
identical absorption spectrum, with a slight 
maximum at 405my, a prolonged minimum 
rising to a sharp maximum at 277 mp, a minimum 
at 251 mp and increasing absorption to 220 my, 
the limit of the spectrophotometer. The ratio of 
extinction at 277 mp to that at 405 my is 7-97. At 
pH 2-4 the maxima shift slightly from 405 to 
398 my and from 277 to 275 mp. These observa- 
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tions also suggest that substance E is a protein 
containing phenylalanine or tyrosine or both. 

All batches on electrophoresis at pH 8-6 in 
barbiturate buffer showed a single protein-staining 
band migrating to the anode. At pH 3-5, however, 
in sodium acetate—hydrochloric acid buffer, two 
bands were shown. Both moved very slowly to the 
anode at the latter pH but to the cathode at the 
former pH (Fig. 1). 

During fractionation with ammonium sulphate a 
pH of 5 is attained and two electrophoretic bands 
(A and B) then appear and persist, even though the 
electrophoresis be carried out at pH 8-6. The im- 
pression is that dissociation of substance E into 
two components takes place below pH 5. The 
faster-moving component A can be recognized 





Fig. 1. Paper electrophoresis of substance E and of 
fractions prepared from it. (a) Substance E at pH 8-6 in 
barbiturate buffer. Only a single band is seen, which has 
moved to the anode. (b) Substance E at pH 5-2 in 0-2m- 
sodium acetate—0-1Mm-hydrochloric acid buffer. Two bands 
moving to the anode are now seen. (c) 61-69% Ammonium 
sulphate fraction of substance E at pH 8-6, showing one 
band, component B. (d) 41-50% Ammonium sulphate 
fraction of substance E at pH 8-6, showing one band, com 
ponent A. The paper strips shown in (c) and (d) were 
obtained simultaneously. In all strips the anode is on the 
right side of the paper. 
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readily by the fact that upon staining with bromo- 
phenol blue it has a more yellow tint than the 
greener component B. Component B migrates 
slightly faster than the original substance E but 
stains with the same dark colour. 

In the Svedberg ultracentrifuge at pH 6-7, 
substance E sedimented as a single substance, the 
schlieren pattern of the boundary appearing 
symmetrical, but dispersed (Fig. 2a). At pH 4:55, 
the boundary pattern was no longer symmetrical 
so that at least two components were present, 
(Fig. 2b). Again the impression is one of dissocia- 
tion below pH 5. After fractionation of batch 5 
with ammonium sulphate, the 41-50% and 61- 
69 % fractions, containing only the electrophoretic 
components A and B respectively (Fig. 1), sedi- 
mented as single substances at pH 4-55 (Fig. 2c, d). 

Biological activity of substance E and fractions 
from it. Fig. 3 relates the dose of substance E, 
from all seven batches, to its ability to promote the 
absorption of radioactive vitamin B,,.. The deter- 
minations were carried out upon nine different 





Fig. 2. Ultracentrifugal analysis of substance E and of 
fractions prepared from it. (a) Substance E at pH 7-18 in 
0-067 M-disodium hydrogen phosphate—potassium dihydro- 
gen phosphate buffer. Left-hand photograph at 43 min.; 
right-hand photograph at 83min. Speed, 918 rev./sec. 
A symmetrical schlieren pattern is seen in both. (b) Sub- 
stance E at pH 4-55 in 0-2m-sodium acetate—0-1 M-hydro- 
chloric acid. Both photographs were taken at the same 
times as in (a), but at 83 min. the pattern is no longer 
symmetrical, indicating the presence of more than one 
sedimenting component. Speed, 950 rev./sec. (c) 41-50% 
Ammonium sulphate fraction of substance E at pH 4-55. 
Only a single component is present after 95 min. Speed, 
902 rev./sec. Photograph taken at 65 min. (d) 61-69% 
Ammonium sulphate fraction of substance E at pH 4-55. 
Only a single component is present after 84 min. Speed, 
931 rev./sec. Photograph taken at 54 min. 
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patients. The correlation coefficient is + 0-204 and 
is not statistically significant. The dotted line is 
that representing an increased absorption of 1 % of 
the radioactive vitamin for each milligram of sub- 
stance E and it is seen therefore that the activity 
of the batches varied, the increase in absorption of 
vitamin B,,/mg. of substance E ranging from 0-7 to 
3:2 %. The three continuous lines join determina- 
tions made from the same batches of substance E. 
They indicate that for any given batch of sub- 
stance E a direct dose-response relationship exists, 
so that the lack of correlation noted above arises 
from the varying activity of the different batches. 

Five different batches of substance E were 
fractionally precipitated with ammonium sulphate 
at pH 4-5 in an attempt to separate the two com- 
ponents observed at this pH on paper electro- 
phoresis and thus produce a more active material. 
The precipitates were redissolved in water, dialysed 
free of sulphate ion, and tested for activity. The 
results (Table 1) do not show precise uniformity 
either in the fractions with activity or in the degree 
of activity exhibited, but in general activity 
occurs in two zones. Below 50% saturation, the 
results on batches 1, 3, 4 and 5, taken together, 
would suggest that the most active material is 
likely to be precipitated between 33 and 40% 
saturation. In the second zone the results are more 
variable, the active agent sometimes being pre- 
cipitated by 65% saturation and sometimes not. 
In all subjects the fractionation procedures in- 
creased the activity of substance E, by amounts 
varying from 1} to 10 times. 

The relationship of intrinsic-factor activity to 
the electrophoretic components is unclear, the more 
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Fig. 3. Relationship between the amount of substance E 
fed to patients with pernicious anaemia in remission and 
the resulting increased absorption of radioactive vitamin 
B,.. The continuous lines join observations made with the 
same batch of substance E. The broken line is that for an 
increased absorption of 1% dose of vitamin B,,/mg. The 
three values for 18-8 mg. of substance E were carried out 
with the same batch on three different patients. 
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Table 1. 


GASTRIC MITOCHONDRIAL INTRINSIC FACTOR 


Intrinsic-factor activity and paper-electrophoretic analysis of fractions of substance E 


obtained after precipitation by ammonium sulphate 





Increased 
Batch of Saturation with absorption of Electrophoretic 
substance ammonium Intrinsic-factor radioactive By, bands (A, B); 
E sulphate activity (% of dose/mg.) pH 8-6 
1 Before Active 3-2 — 
0-33 % Inactive — A 
35-50 % Active 13-0 A and B 
50-67% Inactive — B 
Supernatant Inactive — No bands 
2 Before Active 1-3 _— 
0-33 % Inactive — — 
33-50% Inactive -- B 
50-65 % Inactive — B 
Supernatant Active 13-2 No bands 
3 Before Active 0-7 -- 
0-33 % Inactive “= B 
33-40% Active = A and B 
40-50% Inactive -- B 
50-65 % Active 0-9 B 
Supernatant Active 2-8 No bands 
+ Before Active 0-6 == 
0-67% Active 1-9 A 
Supernatant Inactive — — 
35-50 %* Active 2-5 A 
50-67 %* Inactive — — 
5 Before Active 2-1 _ 
0-40 % Active 2-2 A 
41-50% Active 1-1 A 
50-57% Active 3-1 A and B 
57-61% Active 2-3 A and B 
61-69% Inactive B 
69-75 % Inactive -- B 
Supernatant Inactive — — 


* 0-67 % fraction, refractionated. 


so as the active material in the active supernatants 
of batches 2 and 3 repeatedly failed to stain at all 
with bromophenol blue on paper. As a general rule 
it seems that fractions containing component A 
alone, or with B, were active, those containing 
component B alone were not. Of the two excep- 
tions, the inactive 0-33% fraction of batch 1, 
containing component A, was available in only 
small quantities, and the amount fed, 2 mg., may 
have been insufficient to give a significant increase 
in B,, absorption; the weak activity of the 50-65 % 
fraction of batch 3, containing component B, may 
have been due to contamination with the non- 
staining active agent of the supernatant of this 
batch. 

Inhibition of absorption of vitamin By, by sub- 
stance EZ. One explanation of the variable activity 
of substance E and of its fractions might be that it 
contains a factor inhibiting the absorption of 
vitamin B,,. The least active preparation of in- 
trinsic factor (batch 4) was therefore investigated. 
Inhibition was measured by determining the 
ability of the substance under test to reduce the 
vitamin B,,. absorption produced by feeding a given 


amount of a known active preparation of hog or 
human intrinsic factor. A definite inhibitory effect 
was observed with this batch of substance E 
(Table 2) and led to a more exhaustive investiga- 
tion of batch 5. The 61-69% fraction from am- 
monium sulphate precipitation (containing electro- 
phoretic component B) inhibited the intrinsic- 
factor action of both the hog material and of the 
41-50% ammonium sulphate fraction derived 
from the same batch (containing electrophoretic 
component A). The 69-75% fraction, containing 
component B only, also inhibited hog intrinsic 
factor. Intrinsic factor is thus associated in 
gastric mucosal cell particles with a material which 
will inhibit its activity when both are fed orally. 
Antibody to substance E. Antisera prepared to 
substance E yielded a single, weak ring of precipi- 
tation by the agar-diffusion technique, whereas 
preparations of pig intrinsic factor tested at that 
time yielded more than one ring (Taylor & Morton, 
1958). Both anti-hog and anti-human-intrinsic- 
factor rabbit sera inhibited substance E activity 
and anti-human-intrinsic-factor serum precipitated 
with both substance E and hog intrinsic factor. 
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Table 2. Inhibitory action of substance E and of a fraction derived from it, 
upon the intrinsic-factor activity of a hog gastric concentrate 


Vitamin B,, represents 0-5 ug. of radioactive vitamin B,, ; 1.F., intrinsic factor. 


Absorption of 


radioactive Inhibition of 
vitamin B,»> B,, absorption 
Substances fed (%) (% of B,./mg.) 
Vitamin B,, 2-7, 6-6 os 
Vitamin B,, + hog 1.F. (25 mg.) 61-4 — 
Vitamin B,, + hog 1.F. (25 mg.) +32 mg. of 36-9 0-8 
substance E (batch 4) 
Vitamin B,, 22-2 -- 
Vitamin B,, + hog 1.F. (25 mg.) 83-8, 77-6 _: 
Vitamin B,,. + hog 1.F. (25 mg.) +14 mg. of 65-2 1-1 
61-69 % fraction (batch 5) 
Vitamin B,, 13°7 7 
Vitamin B,, + 24-5 mg. of 41-50% fraction 40 _- 
Vitamin B,,+41-50% fraction (as above) + 19-6 1-5 
14 mg. of 61-69 % fraction 
Vitamin B,, 19-8 — 
Vitamin B,, + hog 1.F. (25 mg.) 43-5, 45:4 -- 
Vitamin B,,+hog L¥. (25 mg.) +5 mg. of 32:8 1-1 


69-75 % fraction (batch 5) 


Blood-group activity of substance E. It is known 


that human gastric juice may contain A, B, or H 


blood-group substances according to the group of 


the individual. A sample of substance E possessed 
slight A-substance activity corresponding to about 
0-2% by wt. 

Intrinsic-factor activity of other ultracentrifugal 
Microsomal preparations from gastric 
mucosal extracts were prepared on three occasions 


fractions. 


and each preparation was free from intrinsic-factor 
activity. The supernatant fluids from these pre- 
parations, after further ultracentrifuging to ensure 
that they were completely free from particles, did, 


however, possess intrinsic-factor activity. Ap- 


proximately half of the intrinsic-factor activity of 


the mucous membrane enters the supernatant, and 
half remains attached to the mitochondria. Further 
investigation of the supernatant fluid has shown 
that after concentration by dialysis against gum 
arabic, the active material is completely precipi- 
tated by 100% saturation with ammonium sul- 


phate, but is not precipitated by 50 or 75% 
saturation. 


DISCUSSION 


The results show that intrinsic-factor activity 
may be extracted from human gastric mucosa in 
two forms, one attached to mitochondria and the 
other dissolved in the particle-free supernatant 
obtained after repeated ultracentrifuging. In a 
previous communication (O’Brien et al. 1955) the 
question was discussed as to whether intrinsic 
factor was an integral part of mitochondria or 
merely adsorbed fortuitously on the mitochondrial 
surface, and evidence was presented favouring the 


former view. This evidence has since been rein- 
forced by the discovery that, in the rat, intrinsic- 
factor activity is so intimately connected with 
mitochondrial structure that it is not released 
when the particles are disrupted with water and is 
therefore likely to be a true mitochondrial com- 
ponent. The general behaviour of substance E 
during its preparation from human gastric mucosa, 
and the reproducibility of the procedures involved, 
also support this view. 

The intrinsic-factor activity of the particle-free 
supernatant has not been investigated further. It 
may possibly be derived from the mitochondrial 
factor, either by disintegration during preparation, 
or as a cytoplasmic storage form. Its existence, 
together with that of possibly two active mito- 
chondrial components, indicates that none of the 
fractions prepared in the present experiments 
represent the pure substance. Although notable 


advances have been made by several groups 
(Latner, Merrills & Raine, 1956; Williams & 
Ellenbogen, 1958; Heatley, Sheikh & Taylor, 


1960; Holdsworth, 1960) the preparation of pure 
intrinsic factor, whether from hog or human, seems 
far off, for whatever method of separation of 
gastric constituents is used—salt precipitation as 
above, electrophoretic separation (Latner & 
Ungley, 1953; Glass, Stephanson, Rich & Laughton, 
1957; Jacob, Williams, Howe & Glass, 1959) or 
column ion-exchange chromatography (Johnson, 
1959)—intrinsic-factor activity often appears in 
more than one physically different fraction and 
even the most active material is impure (Jacob et al. 
1959; Heatley et al. 1960). Since the main methods 
of assaying intrinsic-factor activity measure the 
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whole process of vitamin B,, absorption, the 
possibility should not be overlooked that two or 
more factors from the stomach influence the 
mechanism (as suggested by Grisbeck, 1960) and 
that preparations may contain one or other or 
both of these but that feeding either gives rise to 
apparent ‘intrinsic-factor’ activity. 

The present results show though that intrinsic 
factor can be prepared from human gastric mito- 
chondria in a form (substance E) that has a 
reasonably constant composition, is always active 
and that behaves on electrophoresis and ultra- 
centrifuging as a single molecular aggregate. More- 
over when injected into rabbits it stimulates the 
production of only one serum antibody. This mole- 
cular aggregate splits into two components at a 
pH of 5 or less and fractions obtained by precipita- 
tion with ammonium sulphate contain one or 
other or both of these. One of the components 
tends to be associated with intrinsic-factor activity 
and the other with inhibition of this activity. Both 
behave as homogeneous aggregates on ultracentri- 
fuging and electrophoresis. Minor variations in the 
precipitability of these components probably arises 
from differences in initial concentration and from 
the fact that as ammonium sulphate is added the 
pH falls, and splitting into two components occurs. 

One of the many puzzling features about in- 
trinsic factor is that preparations of it from human 
gastric juice are relatively inactive, when com- 
pared with material from hog gastric mucosa 
(Glass, Boyd, Stephanson & Jones, 1955; Latner 
et al. 1956; Glass et al. 1957; Williams & Ellenbogen, 
1958; Holdsworth, 1960) or from hog pyloric juice 
(Heatley et al. 1960). This is one of the reasons why 
few investigators work with human material. 
Human gastric mucosa has in our hands similarly 
yielded material with relatively low activity, but a 
possible explanation is suggested by the observa- 
tion that intrinsic factor is intimately associated 
within the cells with a substance inhibiting its 
action. Certainly, as in batches 1 and 2, a material 
with activity approaching that of the best hog 
preparations may be obtained from human 
material, but its preparation is, as Table 1 shows, 
quite unpredictable. 

The presence, in 
trates, of a vitamin-B,,-binding material which 
inhibits intrinsic-factor activity has been sug- 
gested in order to explain the inhibition of vitamin 
B,, absorption which may occur, in both normal 
subjects and those with pernicious anaemia, and in 
normal and gastrectomized rats, when high test 
doses of intrinsic factor are used (Glass et al. 1955; 
Taylor, Mallett & Spray, 1958a; Taylor et al. 
19586). An alternative explanation of these 
observations has been proposed (Taylor et al. 
1958 a, b; Herbert, 1959), which does not involve a 


hog-intrinsic-factor concen- 
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hypothetical inhibitor. It supposes that when high 
doses of intrinsic factor are fed, the excess of it 
which fails to combine with vitamin B,, attaches to 
receptor substances on the intestinal mucosal 
surface and thus blocks the attachment of the 
vitamin 8,,—intrinsic-factor complex and_ the 
absorption of vitamin B,,.. This latter hypothesis is 
the more plausible in that it explains why inhibi- 
tion should occur only with high intakes of intrinsic 
factor, for a specific inhibiting substance should 
inhibit at low dosage too. It has, however, been 
pointed out that the two hypotheses are not 
mutually exclusive (Taylor e¢ al. 1958a,b). The 
present work indicates that so far as human 
gastric mucosal extracts are concerned, an in- 
hibitor of vitamin B,, absorption is present, but 
this does not necessarily mean that a similar in- 
hibitor occurs in the hog, nor that the inhibitor is 
secreted into human gastric juice. Nor does it 
invalidate the receptor-blocking hypothesis. 

Because of the relatively gentle methods by 
which cell particles, substance E and its two com- 
ponents have been obtained, it is felt that the 
present observations have physiological signific- 
ance. They show that intrinsic-factor activity, or 
some part of it, originates in the mitochondria of the 
gastric mucosal cells (from patients with peptic 
ulcer) in association with an inhibitor. After 
removal of the inhibitor, activity of the remaining 
material is enhanced when tested in patients with 
pernicious anaemia. The intrinsic-factor—inhibitor 
complex is itself mildly active, either of its own 
accord or because dissociation of the inhibitor 
occurs in the gut of such patients. In vitro, a small 
shift of pH from 7 to about 5 will induce this dis- 
sociation. If these results can be applied to normal 
subjects they would suggest that, when mito- 
chondrial intrinsic factor is secreted, the inhibitor 
is either left behind in the mucosal cells, for it is not 
yet known to occur in gastric juice, or is dissociated 
from the active factor by hydrogen ions in the 
stomach. In this last event there would be a 
certain similarity with the secretion of pepsinogen 
and its conversion at low pH into pepsin and pepsin 
inhibitor, but the resemblance should not be over- 
stressed for intrinsic-factor inhibitor is a protein, 
whereas pepsin inhibitor is a peptide, and the 
mechanism by which intrinsic-factor inhibitor acts 
is not yet known. 


SUMMARY 


1. Intrinsic-factor activity is present in both the 
mitochondria and the particle-free supernatant of 
human gastric mucosal extracts after repeated 
differential ultracentrifuging. 

2. A single molecular aggregate can be prepared 
from the mitochondria, which dissociates below 
pH5 into two components. One component 
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possesses intrinsic-factor activity, the other in- 
hibits this activity and that of hog intrinsic factor. 

3. It is concluded that a part of the intrinsic- 
factor activity of gastric mucosal cells is located on 
the mitochondria in association with a substance 
which inhibits its action. 

4, The existence of this inhibitor may account 
for the relative inactivity of intrinsic-factor pre- 
parations from human material as compared with 
those from hog pyloric mucosa. 
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Amino Acid-Activating Enzymes in Rat-Liver Mitochondria 


By VALDA M. CRADDOCK* anp M. V. SIMPSON 
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(Received 21 November 1960) 


Studies on the incorporation of labelled amino 
acids into mitochondria both in intact animals 
(McLean, Cohn, Brandt & Simpson, 1958) and in cell- 
free systems (McLean et al. 1958; Reis, Coote & 
Work, 1959; Greengard, 1959; Greengard & 
Campbell, 1959; Korner, 1959; Fraser & Gutfreund, 
1958; Mager, 1960) provide evidence for a role of 
these subcellular particles in protein synthesis. It 
was of interest to determine whether amino acid 
activation in mitochondria occurs by a mechanism 
similar to that which has beenshown to exist in other 
parts of the cell (Hoagland, Keller & Zamecnik, 
1956) and in many micro-organisms (De Moss & 
Novelli, 1956). In the series of experiments reported 
here, rat-liver preparations were used. 

1f the amino acid-activating enzymes play a role 
in protein synthesis in mitochondria, they must be 
associated with the mitochondria themselves 
because, although the addition of the soluble frac- 
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tion of the cell enhances amino acid incorporation 
(McLean e¢ al. 1958), this effect is almost fully 
retained after heat treatment and can be accounted 
for, at least in part, by the amino acid content of 
this fraction (Reis et al. 1959; J. Lucas & M. V. 
Simpson; unpublished work). The methods used in 
testing for the activating enzymes included amino 
acid-dependent hydroxamic acid formation and 
amino acid-dependent pyrophosphate—adenosine 
triphosphate exchange (Hoagland et al. 1956). The 
results obtained with an amino acid mixture 
suggest the presence of activating enzymes, in con- 
firmation of the results of Reis e¢ al. (1959) on 
rat-liver mitochondria and of Davis & Novelli 
(1958) on pea-seedling mitochondria. Further work 
with individual amino acids revealed the presence 
of an activation mechanism for tryptophan and 
leucine. However, enzyme activities for most of 
the other amino acids could not be demonstrated, 
and the question of the general mode of amino acid 
activation in mitochondria is left unsettled. 
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A preliminary account of some of this work has 
already appeared (Craddock & Simpson, 1959). 


EXPERIMENTAL 


Preparation of enzyme fraction. Rat-liver mitochondria 
were prepared as described by McLean et al. (1958), and 
were washed six times in 0-25m-sucrose. To obviate perme- 
ability problems and for purposes of protein fractionation, 
the mitochondria were disrupted before testing for amino 
acid activation. This was accomplished by subjecting the 
preparation to a 5min. period of sonic oscillation at 
maximum intensity in a Raytheon 10 keye. sonic oscillator. 
The resulting suspension was adjusted to pH 5-2, and the 
precipitate which formed was suspended in 2-amino-2- 
hydroxymethylpropane-1:3-diol (tris) buffer, pH 7-4. Un- 
dissolved protein was removed by centrifuging (Hoagland 
et al. 1956). This preparation is called the pH 5 fraction. In 
preliminary investigations on the unfractionated material 
after sonic disruption, both high zero-time hydroxamate 
values and high amino acid-independent formation of 
hydroxamate were encountered. After the above fraction- 
ation was carried out, it became evident that the tris- 
soluble fraction gave the least amino acid-iadependent 
formation of hydroxamic acid and that it was only in this 
fraction that it was possible to obtain a stimulation of 
hydroxamate formation by the addition of amino acids. 
The troublesome high zero-time values could not be 
eliminated by this fractionation procedure, however. The 
results reported here were obtained with the tris-soluble 
material. 

Hydroxamate formation. Salt-free hydroxylamine was 
prepared according to Berg (1956a), and the aqueous stock 
solution obtained was assayed for hydroxylamine by its 
colour reaction with 8-hydroxyquinoline (Frear & Burrell, 
1955). The hydroxylamine was incubated with the enzyme 
preparation under the conditions (De Moss & Novelli, 
1956) shown in Table 1. After incubation, trichloro- 
acetic acid was added and any hydroxamate present 
was estimated by its colour reaction with ferric chloride 
(Schweet, 1955). Chemically synthesized glycine hydrox- 
amate (Safir & Williams, 1952) was used as a standard. The 
addition of pyrophosphatase to the reaction mixture was 
necessary because, without the addition of this enzyme, 
the formation of hydroxamate with time could not be 
demonstrated, either with or without the addition of amino 
Pyrophosphatase, prepared from yeast (Heppel, 
1955), presumably acts by hydrolysing the pyrophosphate 
liberated, pulling the reaction to the right (Davie, Konings- 
berger & Lipmann, 1956). 

Pyrophosphate-adenosine triphosphate exchange. 
sium [%*P]pyrophosphate was prepared according to the 
method of Kornberg & Pricer (1951). The enzyme prepara- 
tion was incubated with labelled pyrophosphate under the 
conditions given in the legends to the Tables. Fluoride was 
used in order to inhibit pyrophosphatase activity. 2:4- 
Dinitrophenol was added to suppress possible oxidative 
phosphorylation so as to decrease the incorporation into 
adenosine triphosphate (ATP) of any labelled orthophos- 
phate which might be formed by the hydrolysis of pyro- 
phosphate. After the incubation period, a 1 ml. sample of 
the reaction mixture was added to 2 ml. of 5% (w/v) tri- 
chloroacetic acid, and the specific activity of the terminal 
pyrophosphate group of ATP was determined with the 


acids. 
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Norit absorption method (Crane & Lipmann, 1953) as 
modified by De Moss & Novelli (1956), and the percentage 
exchange was calculated (De Moss & Novelli, 1956). Com- 
parison of the amount of acid-hydrolysable phosphate 
liberated from the Norit at zero time and after incubation 
for 10 min. indicated little, and in many cases no, break- 
down of ATP during incubation. 

Protein. Protein was determined by the method of 
Lowry, Rosebrough, Farr & Randall (1951). 

Amino acid mixture. The amino acid mixture was com- 
posed of equimolar amounts of the following amino acids: 
glycine, L-alanine, L-serine, L-threonine, L-leucine, L-iso- 
leucine, L-valine, L-glutamic acid, L-aspartic acid, L- 
methionine, L-phenylalanine, t-histidine (free base), L- 
arginine (free base), L-tryptophan, t-proline and L-lysine, 
pH 7:0. Tyrosine, cysteine, cystine, glutamine and aspara- 
gine were not present in the mixture. 


RESULTS 
Hydroxamate formation 
Substantial evidence exists that amino acid- 
activating enzymes catalyse the formation of a 
mixed carboxyl-phosphate anhydride of an amino 
acid and adenosine 5’-phosphate (Hoagland e¢ al. 
1956; De Moss & Novelli, 1956; Berg, 1956); 
Karesek, Castlefranco, Krishnaswamy & Meister, 
1958; Kingdon, Webster & Davie, 1958). In the 
presence of hydroxylamine, the mixed anhydride 
yields adenosine 5’-phosphate and the amino acid 
hydroxamate (Hoagland et al. 1956; De Moss & 
Novelli, 1956). The formation of the latter can be 
detected by a colour reaction with iron. Table 1 
shows that the addition of an amino acid mixture 
stimulates the formation of hydroxamic acid, and 
that this formation is approximately linear with 
time. However, the zero-time values are large, 
decreasing both the precision and the already low 





Table 1. Hydroxamate formation by ‘pH 5 
fraction’ of rat-liver mitochondria 


The reaction mixture consisted of the following additions: 
ATP, 100pymoles; MgCl, 50umoles; hydroxylamine, 
12-4 m-moles; tris buffer, pH 7-0, 60 umoles; enzyme pre- 
paration, 6-9 mg. of ‘pH 5 fraction’, protein equivalent to 
30 g. of liver; in a final volume of 10 ml. The mixture was 
incubated at 37°. Where an amino acid mixture* was 
added, its final concentration was 20umoles/ml. of each 


L-amino acid. ; 
Hydroxamate formed 
(umoles/mg. of protein) 


Hydroxamate 


Additions 
Incubation — A_ formation due 
time Amino acid to amino acid 
(min.) None mixture addition 
0 0-87 0-91 0-04 
30 0-91 1-07 0-16 
60 0-93 1-26 0-33 


* See text for the composition of the amino acid 
mixture. 
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Table 2. Pyrophosphate—adenosine triphosphate exchange by ‘pH 5 fraction’ of rat-liver mitochondria 


The reaction mixture consisted of the following additions: ATP, 15ymoles; MgCl,, 12 moles; potassium 
pyrophosphate, 15 umoles, 2 x 10° counts/min./ymole; tris buffer, pH 7-5, 450 uzmoles; KF, 90 zmoles; 2:4-dinitro- 
phenol, 0-9 pmole; and the amount of ‘pH 5 fraction’ protein given in the Table, in a final volume of 3 ml. Where 
an amino acid mixture* was added, the concentration in the incubation medium was 3 umoles/ml. of each L-amino 
acid. The mixture was incubated at 37°. 


Extent of exchange 


Exchange 


—— s+, resulting from 


Incubation Amount of No L-Amino acid addition of 
time protein added additions mixture added amino acids 
(min.) (mg.) (%) (%) (%) 

0 0-48 0-03 0-22 — 
10 0-48 0-61 1-30 0-69 
0 4-80 0-30 0-14 — 
10 4-80 5°34 10-08 4-74 


* See text for the composition of the amino acid mixture. 


sensitivity of the method. It was thus difficult to 
proceed further with this method of assay, particu- 
larly when testing for the activation of individual 
amino acids. Inasmuch as all attempts to reduce 
the zero-time values were unsuccessful, this method 
was abandoned and the much more sensitive 
pyrophosphate-ATP exchange reaction was em- 
ployed. 


Pyrophosphate—adenosine triphosphate exchange 


Results with an amino acid mixture. Because of 
the reversibility of the reaction catalysed by 
amino acid-activating enzymes, the amino acid- 
dependent exchange of inorganic pyrophosphate 
with the terminal pyrophosphate group of ATP 
can be used as a test for the presence of these 
enzymes. In general, this method may be expected 
to possess considerably greater sensitivity than the 
hydroxamic acid method, particularly as the 
sensitivity can be increased simply by using pyro- 
phosphate of higher specific activity. However, 
the precision of the method is limited by, among 
other things, blank values resulting from exchange 
which is due to the occurrence, in crude prepara- 
tions, of reactions which proceed in the absence of 
added amino acids. This last problem has been 
a source of constant difficulty in the work with 
mitochondria. 

Table 2 shows that the enzyme preparation 
catalyses an exchange of pyrophosphate into ATP 
and that the rate of this exchange is increased two- 
fold upon the addition of an amino acid mixture. 
The dependence of the rate of exchange on enzyme 
concentration can also be seen, a tenfold increase in 
the latter resulting in a sevenfold increase in the 
amino acid-dependent rate of exchange. The 


appreciable extent of exchange in the absence of 
added amino acids is evident and makes the inter- 
pretation of the results difficult. The possibility 
was considered that this exchange resulted from 
the presence of amino acids not removed by the 
pH 5 precipitation or that enzymes responsible for 


acetate or fatty acid activation and their substrates 
were present. However, attempts to lower this 
exchange by various means, including extensive 
dialysis of the enzyme preparation against buffer 
(De Moss & Novelli, 1956) and against ion-ex- 
change resins, did not result in a decrease of the 
amino acid-independent exchange. 

Assay of groups of amino acids. The stimulation 
of pyrophosphate exchange by an amino acid 
mixture is in itself not conclusive evidence for the 
presence of amino acid-activating enzymes, inas- 
much as the metabolic pathways of certain amino 
acids may conceivably involve this type of ex- 
change. In mitochondria, this is particularly true 
of those amino acids whose degradative pathway 
involves fatty acid—coenzyme A derivatives. To 
ascertain which of the amino acids of the mixture 
were responsible for the stimulation, a preliminary 
experiment was performed in which some amino 
acids were added in groups. The results, shown in 
Table 3, point to a stimulation of pyrophosphate 


Table 3. Effect of groups of amino acids on pyro- 
phosphate—adenosine triphosphate exchange by the 
‘pH 5 fraction’ of rat-liver mitochondria 


The reaction conditions were the same as those given in 
Table 2. The concentration of each L-amino acid was 
3umoles/ml. and the amount of pH 5 fraction protein 
added was 0-48 mg. For abbreviations of amino acids see 
Biochem. J. (1957) 66, 6. 

Extent of exchange 


Amino acids added (%/mg. of protein) 


None 12-3 
Amino acid mixture* 16-0 
Glu Asp 10-6 
Lys Arg His 9-5 
Ser Thr Pro ; 10-3 
Try Phe Met 14-6 
Leu Val Ileu Ala 14-1 
Tyr 13-0 
Gly 9-7 
* See text for the composition of the amino acid 


mixture. 
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Table 4. Effect of individual amino acids on the 
extent of exchange of pyrophosphate with adenosine 
triphosphate 


The reaction conditions are the same as those given in 
Table 3. 
Extent of 


Amino acid exchange 
concn. (%/mg. 

Amino acid added (umoles/ml.) of protein) 
None a 13-7 
Amino acid mixture 0-3* 16-8 
Amino acid mixture 3* 19-7 
L-Tryptophan 3 19-7 
L-Leucine 3 15-8 
L-Phenylalanine 3 14-9 
L-Methionine 3 14-8 
L-Alanine 3 13-4 
L- Valine 3 12-7 
L-Isoleucine 3 12-5 


* Conen. of each amino acid; see text for the composi- 
tion of the amino acid mixture. 


exchange by groups containing tryptophan, phenyl- 
alanine, methionine, leucine, valine, isoleucine and 
alanine. Tyrosine seems to have had virtually no 
effect whereas the remainder of the amino acids 
were inhibitory. Asparagine, glutamine, cystine or 
cysteine were not tested in this series of experi- 
ments. Since the combined effect of the two groups 
which stimulated could account for the total 
stimulation by the complete amino acid mixture, 
the amino acids which comprised these groups 
were tested individually. 

Effect of individual amino acids. The results 
obtained with individual amino acids (Table 4) are 
consistent with those obtained with groups of 
amino acids. In the two groups which stimulated 
pyrophosphate exchange, the effect can be 
accounted for, at least qualitatively, by the stimu- 
lation exerted by phenylalanine, methionine and 
especially tryptophan in one group and by leucine 
in the other. Of these four amino acids, only 
tryptophan and leucine exert an appreciable 
effect ; whether the apparent small differences in the 
presence of methionine and phenylalanine are 
significant is open to question. The other amino acids 
tried (see also Table 3) had either no effect or were 
inhibitory. 


DISCUSSION 


The presence of amino acid-activating enzymes 
in rat-liver mitochondria is indicated both by 
hydroxamate formation and by pyrophosphate— 
ATP exchange, both of which reactions were 
stimulated by a mixture of L-amino acids. The 
stimulation observed upon addition of tryptophan 
is of particular significance since its catabolic 
products are not known to be involved in pyro- 
phosphate-liberation reactions. 
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Because of the failure to find most of the activat- 
ing enzymes, the question of whether they play a 
role in protein synthesis in mitochondria remains 
open. It is premature to conclude, however, that 
because the enzymes have not been found, they 
are not present. It is possible that even the brief 
sonic treatment used here has destroyed many of 
the enzyme activities; such an effect has been 
reported both in pea seedlings and in micro- 
organisms (Davis & Novelli, 1958; Nisman, 1959). 
However, sonic treatment of calf-heart mito- 
chondria does not result in the loss of ability of the 
disrupted preparation to incorporate amino acids 
into protein (Kalf & Simpson, 1959). It is also 
possible that some activities have been lost during 
the pH 5 fractionation, although this is unlikely 
since all fractions were tested with an amino acid 
mixture before being discarded. Another difficulty 
in the interpretation of the negative findings is the 
high base-line pyrophosphate-ATP exchange, i.e. 
the amino acid-independent exchange, which 
could well mask small stimulatory effects of added 
amino acids (Davis & Novelli, 1958). It is not clear 
at present what type of reaction is causing this 
exchange. The presence in the enzyme preparation 
of acetate-activating enzyme or of a higher fatty 
acid-activating enzyme plus the appropriate sub- 
strate tightly bound (inasmuch as dialysis was 
without effect) is one possibility. On the other 
hand, exchange due to the presence of the amino 
acid-activating enzymes themselves is not excluded 
if it is assumed that the amino acids are so tightly 
bound that they would not be removed by dialysis. 
Were this the case, the exchange reaction may 
already be proceeding at a nearly maximum rate so 
that addition of exogenous amino acid has little or 
no stimulatory effect. Other possibilities involve 
the existence in mitochondria of different types of 
activation mechanisms. Such mechanisms might 
not involve the cleavage from ATP of pyrophosphate 
(Cormier, Stulberg & Novelli, 1959; Beljanski, 
1960; Wachsmann, Fukuhara & Nisman, 1960) or 
might not be dependent upon the presence of a 
substrate for pyrophosphate exchange to occur. 


SUMMARY 


1. The presence of amino acid-activating en- 
zymes in rat-liver mitochondria was investigated. 

2. Evidence was obtained that mitochondrial 
preparations can catalyse the formation of amino 
acid hydroxamates, and can bring about an amino 
acid-dependent exchange between pyrophosphate 
and adenosine triphosphate. 

3. Tryptophan and leucine are the amino acids 
most active in the latter respect, whereas most of 
the other amino acids tried failed to promote the 
exchange reaction. 
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Ethionine Administration in the Rat 


1. EFFECTS ON THE LIVER AND PLASMA LIPIDS AND ON THE 
DISPOSAL OF DIETARY FAT 
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(Received 22 November 1960) 


Dyer (1938) showed that the administration of 
ethionine («-amino-y-ethylmercaptobutyric acid) 
to the rat decreased the growth rate of immature 
animals and caused a loss of body weight in the 
adult. then several other effects of the 
administration of ethionine to experimental 
animals have been established (see Farber, 1959). 


Since 


Two of these, a marked and rapid accumulation of 
triglyceride in the liver (Farber, Simpson & 


Tarver, 1950; Koch-Weser, Farber & Popper, 1951) 
and a fall in the concentration of the plasma lipids 
to very low values (Feinberg, Rubin, Hill, Enten- 
man & Chaikoff, 1954; Furman, Norcia, Robinson 
& Gonzalez, 1957), suggest that ethionine may.inter- 
fere with fat transport in the body. The present study 
was undertaken to obtain evidence on this point. 


MATERIALS AND METHODS 


Wistar-strain albino rats weighing 160-200 g. were fed 
on the laboratory stock diet, containing 4% of fat, through- 
out the experimental period. px-Ethionine (25 mg./ml.) 
was given subcutaneously in 0-9% NaCl soln. Control 
animals were given corresponding injections of 0-9% NaCl 
soln. Chyle was collected by establishing fistulae in the 
thoracic ducts of normal rats which had been previously 
fed with 1 ml. of olive oil by stomach tube (French, 
Robinson & Florey, 1953). Labelled chyle was obtained by 
feeding rats, in which thoracic-du¢t fistulae had been 
established 24 hr. previously, with 20,0 of glyceryl tri- 
[1-4C}palmitate dissolved in 1 ml. of olive oil. Chyle 
samples were collected in 3-8% (w/v) trisodium citrate 
soln., approx. 1 vol. of citrate being used for 9 vol. of 
chyle. The chyle was stored at 0° until needed. No samples 
were kept for more than a week before use. 
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Collection of blood and citrated plasma. Rats were usually 
bled from the abdominal aorta (French ef al. 1953) and the 
blood was collected in 3-8% (w/v) trisodium citrate soln., 
1 vol. of citrate being used for 9 vol. of blood. Citrated 
plasma was obtained by centrifuging the blood for 10 min. 
at 2500 g at 0°. In certain experiments blood samples were 
obtained from the cut end of the rat’s tail, warmed with an 
infrared lamp to ensure a free flow of blood. 

Intravenous injection of labelled chyle and measurement of 
blood radioactivity. The rats were maintained under ether 
anaesthesia throughout the experiment. They were in- 
jected with either 1 ml. or 0-25 ml. of labelled chyle 
(42 mg. of total esterified fatty acids/ml.) into an exposed 
femoral vein. The injections were completed in 30 sec. 
Blood samples (either 20-3 yl. or 25-1 yl.) were obtained with 
micro-pipettes from the cut end of the tail. The blood 
samples were transferred directly to aluminium planchets 
and mixed there with 0-1 ml. of Teepol (Shell Chemicals) 
diluted 1:1000 in water. The mixture was spread evenly 
over the planchet surface and a disk of lens tissue, the size 
of the planchet base, was placed on top. The sample was 
dried in air and the radioactivity counted to an error of 
+3% with a thin mica end-window Geiger—Miiller tube. 

Measurement of tissue-lipid radioactivity. Animals in- 
jected intravenously with labelled chyle were killed by 
bleeding from the abdominal aorta. The liver and a sample 
(1 g.) of adipose tissue were removed from each animal, 
rinsed in 0-9% NaCl soln., dried on filter paper, weighed 
and stored at 0° until all the rats in a particular group had 
been killed. The sample of adipose tissue included perirenal 
fat and fat from the dorsal abdominal wall. 

Each tissue was ground in a pestle and mortar with a 
mixture of sand, 5 ml. of water and 200 ml. of ethanol-ether 
(3:1, v/v). The resulting suspension was boiled, left for 
48 hr. at room temperature, reboiled and filtered while hot. 
The residue was boiled with a further 100 ml. of ethanol- 
ether (3:1, v/v) and refiltered. The combined filtrates were 
decreased by evaporation to a suitable volume and the 
radioactivity was measnred by plating samples directly on 
to aluminium planchets covered with lens paper. The 
samples were dried in air and the radioactivity was counted 
to an error of +2% with a thin mica end-window Geiger— 
Miiller tube. Self-absorption curves were drawn and all 
counts are corrected to zero mass. 

Measurement of clearing-factor lipase activity. The amount 
of clearing-factor lipase which is released into the blood by 
the injection of heparin may be determined in several ways 
(Korn, 1959; Robinson & French, 1960). In the method 
used in this investigation the rate of clearing of a turbid 
triglyceride emulsion (chyle) by post-heparin plasma was 
measured in vitro. Such a method, though it does not give 
an absolute measure of lipase activity, is satisfactory for 
comparative studies when the same triglyceride substrate is 
used throughout. 

Citrated blood samples were obtained from the tail veins 
of rats which had been injected with heparin. The blood 
was collected in ice-cold tubes and was centrifuged at 
2500 g for 10 min. at 4°. The plasma which separated was 
incubated with chyle at 37° and the fall in turbidity during 
the first 20 min. was measured in a Hilger Spekker ab- 
sorptiometer (neutral grey filter). Details of the technique 
have been described previously (French et al. 1953; 
Robinson & French, 1953). The heparin used was a com- 
mercial preparation (Pularin—Evans: 100 units/mg.). 
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Analytical determinations 

Lipid extraction. Lipid extracts of liver were prepared as 
described for the extraction of tissue lipids in the experi- 
ments with labelled chyle. Lipid extracts of plasma were 
prepared by blowing samples (0-5 ml.) fromr a pipette into 
10 ml. of ethanol-ether (3:1, v/v) so as to produce a finely 
divided protein suspension. This suspension was boiled, 
cooled to room temperature and filtered. The ppt. on the 
filter paper was washed with 2 ml. of ethanol-ether (3:1, 
v/v) and analyses were carried out on samples of the 
filtrate. When the plasma-lipid concentration was low, as 
in the animals which received ethionine, the size of the 
plasma sample which was extracted was increased to 1 ml. 

Lipid analyses. The total esterified fatty acids present in 
the lipid extracts of plasma and liver were measured by the 
method of Stern & Shapiro (1953). Values are expressed as 
milligrams of esterified fatty acid, 280 being used as the 
fatty acid equivalent weight. Samples of the extracts were 
taken to dryness on a boiling-water bath and the lipids 
redissolved in 3 ml. of ethanol-ether (3:1, v/v). Total 
cholesterol was measured by the method of Pearson, Stern 
& McGavack (1953), applied either directly to samples 
(0-2 ml.) of plasma or to the residue obtained after drying 
suitable samples of the lipid extracts of liver in vacuo. Total 
phosphatide was measured by determining the organic 
phosphorus present in the lipid extracts of plasma and liver 
(Allen, 1940) and multiplying this value by 25. The method 
was modified to permit the analysis of samples containing 
as little as 5 ug. of phosphorus by adjusting the quantities 
of reagents to allow colour development in a final volume of 
10 ml. Absorption was measured at 750 my in a Unicam 
spectrophotometer. The concentration of unesterified fatty 
acids in plasma was determined by the method of Dole 
(1956). A fatty acid equivalent weight of 280 has been 
used in expressing the analyses as milligrams of unesterified 
fatty acid. Precautions were taken to minimize the release 
of unesterified fatty acids in vitro by collecting the blood 
into ice-cold containers, by separating the plasma by 
centrifuging at 4° and by extracting the plasma as rapidly 
as possible after its separation. 

Protein analysis. Samples of plasma (0-1 ml.) were blown 
from a micro-pipette into 4 ml. of 10% (w/v) trichloro- 
acetic acid soln. The resulting protein suspension was centri- 
fuged and the ppt. was washed twice with 4 ml. of 5% 
(w/v) trichloroacetic acid soln. Protein nitrogen was deter- 
mined in the final ppt. by the micro-Kjeldahl procedure 
(Campbell & Hanna, 1937). The value obtained was multi- 
plied by 6-25 to give the amount of protein. All analyses 
were carried out in duplicate and mean values are quoted in 
the results. Duplicate analyses did not differ by more than 


5%. 


RESULTS 


Certain of the effects of ethionine administration 
reported by earlier workers (Farber et al. 1950; 
Jensen, Chaikoff & Tarver, 1951; Feinberg e¢ al. 
1954; Furman eé al. 1957) have been confirmed 
under the conditions of this study. Thus in female 
rats the administration of ethionine results in a 
marked and rapid rise in the esterified fatty acid 
content of the liver (Tables 1 and 2). There may be 
a slight fall in the cholesterol content but the 


Bioch. 1961, 80 





354 


P. M. HARRIS AND D. 8. ROBINSON 


Table 1. Effect of ethionine on the total esterified fatty acids of rat plasma and liver 


Female rats were injected subcutaneously, at the times specified, with either 2 ml. of ethionine (25 mg./ml.) in 
0-9 % NaClsoln. (ethionine group) or 2 ml. of 0-9 % NaCl soln. (control group). They were killed by bleeding from 
the abdominal aorta and the amounts of total esterified fatty acids in the plasma and liver were determined. 


Total esterified fatty acids 


Total i ~ = ————— 
amount of Plasma Liver 
Time of ethionine Time of (mg./ml.) (mg./whole liver) 
Rat successive injections injected killing eee ~ —---—"—— 
no. (hr.) (mg.) (hr.) Ethionine Control Ethionine Control 
1 0, 2, 4 150 24 0-60 1-04 1110 237 
2 0, 2, 4 150 24 0-46 1-46 485 197 
3 0, 2,4 150 24 0-31 1-38 990 190 
4 0, 8, 24, 32, 48 250 52 0-32 1-05 1250 233 
5 0, 8, 24, 32, 48 250 52 0-32 1-32 1480 226 
6 0, 8, 24, 32, 48 250 52 0-24 1-46 980 216 
7 0, 8, 24, 32, 48, 56, 72 350 76 0-17 1-28 - 
8 0, 8, 24, 32, 48, 56, 72 350 76 0-06 1-07 — - 
9 0, 8, 24, 32, 48, 56, 72 350 76 0-10 1-30 — - 








Table 2. Effect of ethionine on the total esterified fatty acids, phosphatide and 
cholesterol of rat plasma and liver 


Female rats were injected subcutaneously at 0, 24, 32 and 48 hr. with either 2 ml. of ethionine (25 mg./ml.) in 
0-9 % NaCl soln. (ethionine group) or 2 ml. of 0-9% NaCl soln. (control group). At 52 hr. they were killed by 
bleeding from the abdominal aorta and the amounts of lipids in the plasma and liver were determined. 


Total esterified 
fatty acids 


A 


Total cholesterol Total phosphatide 


aoreneemsnnneenss Nea 


A. 
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ee ee ee fe eh Pr 
Wet wt. Liver Liver Liver 
Rat of liver Plasma (mg./whole Plasma (mg./whole Plasma (mg./whole 

Group no. (g-) (mg./ml.) liver) (mg./ml.) liver) (mg./ml.) liver) 
Ethionine 1 5-6 0-47 1080 0-12 14-5 0-36 218 
2 5-4 0-44 1180 0-11 14-9 0-34 242 
3 5-8 0-44 725 0-12 14-5 0-43 240 
Control 1 4-9 1-48 235 0-46 15-5 0-81 268 
2 5-2 1-28 210 0-35 15-4 0-66 224 
3 5-2 1-44 220 0-39 15:3 0-79 234 








phosphatide concentration is unchanged. The rise 
in esterified fatty acid concentration therefore is 
confined essentially to the liver-triglyceride fraction. 

The concentrations of esterified fatty acids, 
phosphatide and cholesterol in the plasma of 
female rats fall after ethionine administration 
(Tables 1 and 2). In an experiment in which serial 
plasma-phosphatide analyses were performed on 
individual rats (Fig. 1) a fall in the phosphatide 
concentration was detected within 3hr. of the 
injection of ethionine and, after 24 hr., the level 
was less than 50% of normal. Similarly, the con- 
centration of the plasma esterified fatty acids falls 
to 50 % of normal 24 hr. after ethionine administra- 
tion and, after further injections, decreases to about 
20% of normal at 52hr. (Table 1). The studies 
were not sufficiently extensive to determine 
relationships between the effects observed and the 
amount of ethionine injected or the interval 
between injections. 

Similar effects on the concentration of esterified 
fatty acids in the plasma and liver were produced 


Conen. of plasma phosphatide 
(mg./ml.) 





0 12 24 


Time after ethionine injection (hr.) 


36 0 12 24 36 


Fig. 1. Effect of ethionine administration on the phos- 
phatide content of rat plasma. Female rats were injected 
subcutaneously at 0, 12 and 24 hr. with either (A) 2 ml. of 
a soln. of ethionine (25 mg./ml.) in 0-:9% NaCl soln. (A, 
, O) or (B) 2 ml. of 0-9% NaCl soln. (A, m, @). Phos- 
phatide was determined in plasma separated from samples 
of blood (0-5 ml.) withdrawn at intervals from the tail. 
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by ethionine administration in male rats (Table 3). 
Though the increase in the liver-triglyceride con- 
centration was less than in the female rats it was 
greater than that found in previous studies with 
male rats (Jensen ef al. 1951; Farber, Koch-Weser 
& Popper, 1951), perhaps because of differences in 
the dosage of ethionine or in the strain of rats used. 

Data on the unesterified fatty acid and protein 
concentrations in the plasma of normal and ethio- 
nine-treated female rats are given in Table 4. The 
unesterified fatty acid concentration, unlike that of 
the esterified fatty acid, was raised after ethionine 
treatment. The plasma-protein concentration fell. 

Certain additional observations were made on 
the ethionine-treated rats. Gross and microscopic 
evidence of pancreatic damage, as reported by 
earlier workers (Farber & Popper, 1950; Goldberg 
Chaikoff & Dodge, 1950; Goldberg & Chaikoff, 
1951), was evident after 24 hr. in the animals which 
were given repeated doses of ethionine. No excess 
of lipid could be detected in the pancreas by 
chemical analysis. 
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Previous studies have shown that after ethionine 
administration the food intake is reduced and the 
body weight falls (Dyer, 1938; Stekol & Weiss, 
1949; Levine & Fopeano, 1953). The same was 
true under the conditions of the present study. 
There was also an increase in the amount of food 
material retained in the stomach and intestinal 
tract (Table 5). 


Effect of ethionine on the response to 

fat-feeding and to heparin injection 
During fat-absorption triglyceride enters the 
blood from the thoracic duct and causes a rise in 
the concentration of the plasma esterified fatty 
acids. The concentration of these acids in normal 
and ethionine-treated rats, before and after feeding 
with olive oil, is shown in Table 6. The rise in 
esterified fatty acid concentration after fat-feeding 
is similar in the normal and ethionine-treated 
animals. However, the response to a fat meal, as 
expressed in these terms, shows considerable 
individual variation and it is evident that only 





Table 3. Effect of ethionine on the total esterified fatty acids of plasma and liver in male and female rats 


Male and female rats were injected subcutaneously at 0, 24, 48 and 72 hr. with either 2 ml. of ethionine (25 mg. 
ml.) in 0-9 % NaCl soln. (ethionine groups) or 2 ml. of 0-9 % NaCl soln. (control groups). At 76 hr. they were killed 
by bleeding from the abdominal aorta and the amounts of esterified fatty acid in the plasma and liver were 


determined. 
Rat 
Group no. Sex 
Ethionine 1 3 
» A 
« 3 
3 3 
Control 1 3 
» A 
~ oO 
3 3 
Ethionine 4 2 
5 r 
6 ? 
Control 4 2 
5 - 
6 Q 


Total esterified fatty acid 
Wet wt. 





Paste ee, le a 
of liver Plasma Liver 
(g.) (mg./ml.) (mg./whole liver) 
5-6 0-42 340 
54 0-46 367 
71 0-61 306 
5:8 0-88 190 
4-9 1-00 170 
5:2 0-93 215 
58 0-42 460 
5-4 0-40 700 
5-1 0-35 500 
4-5 1:10 170 
5-2 0-94 200 
4:8 1-00 210 


Table 4. Effect of ethionine on the concentration of protein and unesterified fatty acids in rat plasma 


Female rats were injected subcutaneously at 0, 24, 48, 54 and 72 hr. with either 2 ml. of ethionine (25 mg./ml.) 
in 0-9 % NaCl soln. (ethionine group) or 2 ml. of 0-9 % NaCl soln. (control group). At 80 hr. the rats were killed by 
bleeding from the abdominal aorta and the concentrations of protein and of esterified and unesterified fatty acids 


in the plasma were determined. 


Total esterified Unesterified 
fatty acids Total protein fatty acids 
Rat (mg./ml. (mg./ml. (mg./ml. 

Group no. of plasma) of plasma) of plasma) 
Ethionine 1 0-45 55 0-28 
2 0-40 49 0-29 
3 0-51 43 0-23 
Control 1 0-93 62 0-11 
2 1-10 67 0-18 
3 1-20 70 0-16 


23-2 
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Table 5. Effect of ethionine treatment on the body weight, food intake and weight of food material 
retained in the stomach and intestine of the rat 


Expt. 1. Female rats were injected subcutaneously at 0, 8, 24, 32 and 48 hr. with either 2 ml. of ethionine 
(25 mg./ml.) in 0-9% NaCl soln. (ethionine group) or 2 ml. of 0-9% NaCl soln. (control group). At 52 hr. the 
animals were killed and the stomachs, including the contents, were weighed. The food and water intake and the 
weight of the faeces, after drying in air, were also measured over the experimental period. Hxpt. 2. As above 
except that the rats were injected at 0, 4, 8 and 24 hr. and killed at 28 hr. The contents of the stomach and 


intestine of each rat were dried for 2 hr. at 100° and weighed. 


Change in Food 

Rat body wt. eaten 

Group no. (g-) (g-) 
Expt. 1 

Ethionine l -5 10-5 

2 -8 7:5 

3 -l1l 10-5 

Control 1 +2 20-0 

2 +7 20-5 

3 a4 35-5 
Expt. 2 

Ethionine 1 — 8-5 

2 — 7-5 

3 ~~ 8-5 

Control 1 — 14-0 

2 — 14-0 

3 — 13-0 


Table 6. Changes in the concentration of plasma 
esterified fatty acids after fat-feeding in normal and 
ethionine-treated rats 


Female rats were injected subcutaneously at 0, 8, 24, 32 
and 48 hr. with either 2 ml. of ethionine (25 mg./ml.) in 
0-9 % NaCl soln. (ethionine group) or 2 ml. of 0-:9% NaCl 
soln. (control group). At 48 hr., after blood samples (1 ml.) 
had been taken from the tail, each rat was fed with 1 ml. of 
olive oil by stomach tube. At 53 hr. each rat was killed 
by bleeding from the abdominal aorta. The esterified fatty 
acid contents of the plasma samples were determined. 


Plasma esterified fatty acids 


(mg./ml.) 
—= 
Rat Before After 
Group no. fat-feeding fat-feeding 

Ethionine 1 0-43 0-73 
2 0-37 0-67 

3 0-32 0-50 

Control 1 1-24 1-67 
2 1-44 1-69 

3 1-26 1-54 


major differences in response in the two groups of 
rats would be detected. 

The clearing activity of the plasma 3 min. after 
the injection of heparin into normal and ethionine- 
treated rats is shown in Table 7. The dosage of 
heparin used in this experiment was in the range 
where the release of clea1ing-factor lipase into the 
blood is proportional to the amount of heparin 
injected (Robinson, Jeffries & Poole, 1955). Under 
these conditions no effect of ethionine treatment on 
clearing activity could be demonstrated. 


Dry wt. of 


Wet wt. of contents of 


Water stomach and stomach and Dry wt. 

drunk contents intestine of faeces 

(ml.) (g-) (g-) (g-) 
25 4-6 — 3-3 
30 3:3 _- 4:5 
13 2-4 -—- 55 
25 1-2 — 10-0 
28 1-5 7-5 
37 2-3 — 17-0 
12 — 3°25 1-7 
21 ~- 1-85 1-6 
— — 1-45 2-5 
21 — 1-55 3-6 
16 —_ 0-85 4:8 
12 _- 0-55 3-9 





Effect of ethionine on the removal of injected 
14C-labelled chylomicra from the blood 


Recent studies have shown that when chylo- 
micra, in which the triglyceride fatty acids have 
been labelled with 14C, are injected intravenously 
into normal rats the labelled fatty acid is trans- 


Table 7. Effect of ethionine treatment on the con- 
centration of plasma clearing-factor activity after 
heparin injection 


Female rats were injected by the tail vein with 0-5 ml. of 
heparin (1 u./ml.) in 0-9% NaCl soln. and 1-5 ml. of blood 
was withdrawn from the tail 3 min. later. The rats were 
then injected subcutaneously at 0, 8, 24, 32 and 48 hr. with 
either 2 ml. of ethionine (25 mg./ml.) in 0-9% NaCl soln. 
(ethionine group) or 2 ml. of 0-9% NaCl soln. (control 
group). At 52hr. the rats were injected as before with 
heparin and bled from the tail 3 min. later. The clearing 
activity of the post-heparin plasma samples was measured 
as described in the Materials and Methods section. 


Decrease in EZ in 20 min. 








a 1 ™ 

Rat Before After 

Group no. ethionine ethionine 
Ethionine 1 0-27 0:26 
2 0:35 0:27 
3 0:27 0-39 

Before 09% After 0-9% 

NaCl soln. NaCl soln. 
Control 1 0-32 0-32 
2 0:36 0:23 
3 0:26 0:25 


————— 
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ferred rapidly from the blood to the tissues (French 
& Morris, 1957, 1958; Bragdon & Gordon, 1958). 
A considerable proportion of the injected fatty 
acid appears in the liver. Experiments were 
carried out to determine whether ethionine ad- 
ministration, which results in an accumulation of 
triglyceride in the liver, would alter the rate of 
disappearance of the C-labelled chyle from the 
blood. The radioactivity was measured in serial 
blood samples taken from normal or ethionine- 
treated rats after injecting labelled chyle. 

In normal rats, disappearance curves of a com- 
posite nature were obtained, similar to those which 
French & Morris (1957) resolved into two exponen- 
tial components. In Fig. 2 the percentage of the 
injected radioactivity remaining in the blood has 
been plotted against time on semilogarithmic co- 
ordinates for the first 20 min. after the injection of 
chyle. During this time over 75% of the radio- 
activity is removed from the blood in normal rats 
and the contribution of the slower exponential 
component to this phase of the disappearance 
curve is minimal. As in the experiments of French 


Percentage of initial activity remaining in blood 





0 10 
Time after injection (min.) 


20 0 10 20 


Fig. 2. Removal of C-labelled chylomicron fatty acids 
from the circulation of normal and ethionine-treated rats. 
Six female rats were injected subcutaneously at 0, 16, 24, 
40, 48 and 64hr. with 2 ml. of ethionine (25 mg./ml.) in 
0-9 % NaCl soln. (ethionine group). At corresponding times 
six female rats were injected with 2 ml. of 0:9% NaCl soln. 
(control group). Five hr. after the last subcutaneous in- 
jection each rat was injected intravenously with either 
0-25 ml. (A) or 1 ml. (B) of 14C-labelled chyle (42 mg. of 
esterified fatty acid/ml.) and the fall with time in the 
radioactivity in the blood was followed as described in the 
Materials and Methods section. The symbols indicate the 
blood radioactivity in individual rats in each group. 
Ethionine-treated rats, A, 0, O: normal rats, A, Hi, @. 
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& Morris the initial removal rate was found to 
depend on the amount of chyle injected. When 
10-5 mg. of total esterified fatty acid was injected 
the mean circulating half-life (t,) was 4 min. 
(Fig. 2A), and when 42 mg. of total esterified fatty 
acid was injected it was 6-6 min. (Fig. 2B). 

The disappearance of radioactivity from the 
blood was much slower in ethionine-treated than 
in normal rats (Fig. 2). Thus the mean time for the 
removal of 25% of the injected dose rose after 
ethionine treatment from 1-7 to 5-8 min. after the 
injection of 10-5 mg. of esterified fatty acids, and 
from 2-5 to 20 min. after the injection of 42 mg. of 
esterified fatty acids. The mean proportionate 
increase in removal rate with a decrease in the 
amount of chyle injected was also greater in the 
ethionine-treated rats than in the normal rats. 
Thus ¢}™-:¢375™- was 1-5 for normal animals and 
3-4 for ethionine-treated animals. 

In rats given glucose as well as ethionine the 
concentration of liver triglyceride is raised but less 
than in animals given ethionine alone (Table 8). 
The rate of removal of injected chyle from the blood 
of such animals was intermediate between that in 
normal animals and that in ethionine-treated 
animals which had not been given glucose. No 
significant change in the rate of removal of in- 
jected chyle was produced by giving glucose to 
normal animals (Table 8), in agreement with the 
findings of Bragdon, Havel & Gordon (1957). 


Effect of ethionine on the distribution in liver and 
adipose tissue of injected “C-labelled chylomicron 
fatty acids 


Since the rate of removal of labelled chylo- 
micron triglyceride from the blood was so markedly 
decreased in animals given ethionine it seemed 
possible that there might be an effect on the distri- 
bution of the injected fatty acids in the tissues 
after their disappearance from the blood. Control 
and ethionine-treated rats were injected with “C- 
labelled chylomicron triglyceride and the percentage 
of the injected radioactivity in the liver-lipid 
fraction was determined. The rats were killed 
90 min. after the injection, when in both groups of 
animals the blood radioactivity had fallen to a low 
value. The data in Table 9 show that at this time 
there were no marked differences in the percentage 
of labelled material deposited in the liver although, 
since the numbers of animals in each group were 
small and the individual variation was considerable, 
the possibility of minor changes after ethionine 
treatment cannot be excluded. In further experi- 
ments rats were killed 30 min. after chyle injection. 
In these studies radioactive material was still 
present in the blood of the animals given ethionine, 
but the percentage of the radioactivity which had 
left the blood which was recovered from the liver 
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Table 8. Effect of nutritional state on the distribution of radioactivity in rat liver and 
adipose tissue after the injection of labelled chylomicra 


Two groups of female rats (A and B, three animals/group) were injected subcutaneously with 2 ml. of ethionine 
(25 mg./ml.) in 0-9% NaCl soln. at 0, 6, 12, 24, 30 and 48 hr. Two control groups (C and D) were injected with 
0-9 % NaCl soln. at corresponding times. From 36 hr. onwards groups B and D were given 10 % (w/v) glucose 
soln. to drink instead of water. Five hr. after the last subcutaneous injection of ethionine each rat was injected 
intravenously with 1 ml. of labelled chyle (37 mg. of esterified fatty acid/ml.). The fall in the blood radioactivity 
was followed. After 40 min., the rats were killed and the livers and samples of adipose tissue were removed for 
analysis and for the determination of tissue radioactivity as described in the Materials and Methods section. 


Percentage of activity 
disappearing from 


Total Percentage of injected blood present in 
Glucose esterified activity removed — A, 

taken in fatty acids from blood at Adipose 

Rat 12 hr. in liver —_A—___— Whole tissue/g. 

no. Treatment (g.) (mg.) 20 min. 40 min. liver wet wt. 
Al) 1390 40 60 24 1-2 
A2} Ethionine ~ 680 20 30 31 1-4 
A3) . 830 40 65 25 0-9 
Bl ) Ethionine r 340 55 85 15 2-0 
32} + 4-5 300 60 90 16 3-6 
B3) glucose (6 320 35 60 20 2-5 
C1) 240 75 90 33 0-7 
C2} Control — 250 80 95 32 0-4 
C3) (— 190 75 95 25 0:3 
D1) Control { 10 230 65 85 24 1-3 
D2} — 13 200 15 90 31 1-0 
D3) glucose (10 190 15 90 25 0-8 








Table 9. Recovery of 44C-labelled fatty acids from the 
liver of ethionine-treated and control rats 90 min. 
after the injection of 1ml. of C-labelled chyle 
intravenously 


Female rats were injected as described in the legend to 
Fig. 2 and were bled 90 min. after the injection. The liver 
radioactivity was determined as described in the Materials 


and Methods section. 
Percentage of 


injected activity 


Percentage of | removed from 


injected activity the blood 

Rat removed from present in 

Group no. the blood the liver 
Ethionine 1 81 20 
2 89 32 
3 94 20 
Control ] 98 30 
2 99 21 
3 99 24 





was similar in the normal and ethionine-treated 
animals. 

In the normal rat the distribution of injected 
4C-labelled chylomicron fatty acids in the tissues 
after their removal from the blood depends upon 
the nutritional state of the animal (Bragdon & 
Gordon, 1958). In the fasting animal, a large pro- 
portion appears in the liver and very little in the 
fat depots. In animals fed with carbohydrate in 
excess of their nutritional requirements, a high 
proportion is recovered from the fat depots and the 


amount in the liver is much less. An experiment 
was carried out to determine whether the same was 
true for ethionine-treated rats. 

Two groups of rats were fed with their normal 
diet and were given ethionine: two control groups 
were fed with their normal diet alone. One of the 
test groups and one of the control groups had 
access to glucose in their drinking water during the 
final 12 hr. of the experiment. The amount of 
glucose taken during this period was measured for 
each rat and was itself in excess of that needed to 
provide for the caloric requirements (Table 8). 

14C-Labelled chylomicra were injected intra- 
venously into each rat 5 hr. after the final ethio- 
nine injection and 40 min. later the animals were 
killed. The percentage of the radioactivity which 
had disappeared from the blood and which was 
recovered in the liver and adipose tissue is shown 
in Table 8. 

In both ethionine-treated and control rats the 
feeding of glucose increased the percentage of the 
radioactivity lost from the blood, which was 
recovered in 1 g. of adipose tissue. The percentage 
recovered in the liver fell after glucose feeding in the 
ethionine-treated animals: in the control animals 
the results with respect to the liver recovery were 
inconclusive. 

The amounts of radioactivity per gram of adi- 
pose tissue cannot be compared in the ethionine- 
treated and control groups since after ethionine 
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administration the weight of adipose tissue in the 
body probably falls with the fall in the body weight 
(see Discussion). 

It is assumed in setting out the results of these 
experiments that the amount of radioactivity con- 
tributed by blood in the tissues is negligible. This 
assumption is valid for normal rats and for the 
ethionine-treated rats which were given glucose, 
since in these groups 40 min. after the chyle in- 
jection the blood radioactivity was low. In the 
ethionine-treated rats which were not given glucose, 
injected chyle was removed from the blood more 
slowly and from 35 % to 70% of the injected dose 
remained in the blood at 40 min.; although the 
animals were bled before the organs were removed, 
blood radioactivity may have contributed to the 
figure for tissue radioactivity in this group. Thus 
the effect of glucose feeding in raising the amount 
of radioactivity recovered in the adipose tissue of 
the ethionine-treated animals may be greater than 
indicated in Table 8. 

The changes in tissue distribution are most 
simply interpreted as being due to differences in 
the sites at which the injected fat is removed from 
the blood. The possibility that they arise as a result 
of differences in the extent of oxidation or of re- 
distribution of the fatty acids after their initial 
entry into the tissues cannot be entirely excluded 
since the rate of removal of the injected fat from 
the blood varied with the treatment given to the 
animals; the time available for such oxidation or 
redistribution therefore was not constant in the 
different groups. 

DISCUSSION 


The subcutaneous injection of ethionine in 
adult female rats causes a pronounced and rapid 
rise in the concentration of liver triglycerides and, 
at the same time, a marked fall in the concentra- 
tion of plasma cholesterol, phosphatide and esteri- 
fied fatty acids. These findings agree with those of 
earlier workers although a reduction in the serum- 
lipid concentration has not been reported pre- 
viously in the rat. A discussion of the possible 
mechanisms whereby ethionine initiates these 
changes is given in the following paper (Robinson & 
Harris, 1961). 

Previous work has shown that ethionine ad- 
ministration causes loss of body weight, decrease in 
food intake (Dyer, 1938; Stekol & Weiss, 1949) and 
damage to the submaxillary and gastric mucosal 
glands (Loring & Hartley, 1955) and to the pan- 
creatic acinar cells (Farber & Popper, 1950; 
Goldberg et al. 1950). In the present study it was 
found that ethionine-treated animals ate less and 
retained more food material in the alimentary 
tract. These findings raise the possibility that the 
ethionine-treated animals are receiving insufficient 
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food for their caloric needs and that this may be 
a factor in the development of the fatty liver. In 
this connexion it is of interest that the concentra- 
tion of unesterified fatty acids in the plasma, which 
rises in the fasting state (cf. Robinson & French, 
1960), is elevated after ethionine administration 
(Table 4) and that the administration of glucose, 
together with ethionine, decreases the amount of 
triglyceride in the liver (Farber et al. 1950 and 
Table 8). 

In the present study the administration of 
ethionine was shown to lead to a marked decrease 
in the rate of removal of injected chylomicron tri- 
glyceride from the bloodstream. It seems possible 
that the presence of excess of triglyceride in the 
liver may be at least partly responsible for this 
fall in removal rate after ethionine treatment since, 
in both normal and ethionine-treated rats, a con- 
siderable proportion of the injected fatty acids 
appears in the liver after leaving the blood. This 
view, that the presence of excess of triglyceride in 
the liver may limit its rate of uptake of additional 
injected chylomicron triglyceride, is supported by 
the observation that the increase in removal rate 
with decrease in dose was most marked in the 
ethionine-treated animals. Moreover, when -.the 
liver-triglyceride concentration was lowered by the 
administration of glucose, the rate of removal of 
injected chylomicron triglyceride from the blood 
increased. However, the increased uptake of in- 
jected chylomicron fatty acids by adipose tissue 
might contribute towards the enhanced removal 
rate under these conditions. 

The failure to detect any differences between the 
ethionine-treated and normal rats in their ability 
to dispose of ingested triglyceride is probably due 
to the relatively slow rate of entry of dietary fat 
into the blood. Bergstrém, Borgstrém & Rotten- 
berg (1952) found that the output of chylomicron 
triglyceride from the thoracic duct during fat 
absorption in the rat was only 1 mg./min. In the 
present study injected chylomicron triglyceride 
was removed from the blood more slowly in ethio- 
nine-treated than in normal rats but the difference 
between the groups was less marked when the 
amount of chylomicron fatty acid injected was 
decreased from 42 mg. to 10-5mg. It is possible 
therefore that although the rate of uptake of 
chylomicron triglyceride by the liver is decreased 
after ethionine treatment it may still exceed the 
rate of entry of dietary fat into the blood. The 
further possibility that changes in the rate of 
absorption of a fatty meal may occur after ethio- 
nine treatment has not been studied. 

In the experiments in which labelled chylo- 
micron triglyceride was injected into rats on their 
normal diet no change in the percentage of the 
radioactivity lost from the blood which was 
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recovered from the liver could be detected after 
ethionine administration. It appears therefore 
that ethionine treatment does not appreciably 
affect the proportion of an injected dose of chylo- 
micron fat which enters the liver. The percentage 
recovered from the liver was decreased when the 
ethionine-treated rats were given glucose and 
at the same time the amount which appeared 
in the adipose tissue was markedly increased. 
In similar experiments with normal rats the 
amount of radioactivity deposited in the adipose 
tissue was also increased after glucose administra- 
tion (Table 8 and Bragdon & Gordon, 1958). 
These observations suggest that in ethionine- 
treated, as well as in normal, rats the tissue 
distribution of injected chylomicron fat is de- 
termined primarily by nutritional state. 


SUMMARY 


1. Some effects of the subcutaneous injection 
of between 150 and 350 mg. of pui-ethionine, over 
a period of between 1 and 3 days, have been 
studied in the rat. 

2. The triglyceride content of the liver was in- 
creased to as much as five times the normal, 
whereas the phosphatide and cholesterol contents 
of the liver were essentially unchanged. The rise in 
liver-triglyceride concentration was greater in 
female than in male rats. 

3. The plasma-protein concentration was de- 
creased to 75% of the normal level. The plasma- 
triglyceride, -phosphatide and -cholesterol concen- 
trations were decreased to between 10 and 50% of 
the normal values. The plasma unesterified fatty 
acid concentration was approximately doubled. 

4. The rate of removal of injected C-labelled 
chylomicron fatty acids from the circulation was 
decreased after ethionine treatment. The mean time 
of removal of 25 % of an injected dose of 42 mg. of 
esterified fatty acids rose from 2-5 min. (normal) to 
20 min. (ethionine-treated). 

5. There was no marked effect of ethionine 
treatment alone on the percentage of labelled 
material deposited in the liver after the injection of 
14C-labelled chylomicron fatty acids. However, 
after feeding glucose to ethionine-treated animals, 
the uptake of label in the liver was decreased and 
that by the adipose tissue was increased. 

6. No significant effects of ethionine administra- 
tion on the rise in the concentration of plasma 
esterified fatty acids during fat absorption or on 


the release of clearing-factor lipase into the blood 
after the intravenous injection of heparin were 
observed. 

The authors are grateful to Miss 8S. Such for her expert 
technical assistance. 
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Ethionine Administration in the Rat 


2. EFFECTS ON THE INCORPORATION OF [??P]JORTHOPHOSPHATE 
AND pt-[1-“CJLEUCINE INTO THE PHOSPHATIDES AND 
PROTEINS OF LIVER AND PLASMA 


By D. 8S. ROBINSON ann PAMELA M. HARRIS 
External Staff of the Medical Research Council, Sir William Dunn School of Pathology, Ouford 


(Received 22 November 1960) 


The administration of ethionine to experimental 
animals results in a reduction in the activity of a 
number of biochemical systems in the body (see 
Tarver, 1954; Meister, 1957; Matthews, 1958; 
Chantrenne, 1958; Shive & Skinner, 1958). Several 
of these systems involve, either directly or in- 
directly, the essential amino acid methionine, and 
it is generally accepted that the action of ethionine 
at the biochemical level is related to its ability to 
act as a methionine antagonist. 

It has proved difficult, however, to relate the 
effects of administered ethionine on particular 
biochemical reactions to the changes which are 
produced in the intact animal. The present study 
was carried out to obtain further information on 
the mechanism of ethionine action in raising the 
liver-triglyceride concentration and lowering the 
plasma-lipid concentration in the rat (see Harris & 
Robinson, 1961). 


MATERIALS AND METHODS 


The animals and the method of ethionine injection were 
as described by Harris & Robinson (1961). Additional 
details are given in the descriptions of individual experi- 
ments. 


Incorporation of [®?P jorthophosphate into the 
liver and plasma lipids in vivo 


Several procedures have been described for the measure- 
ment of the incorporation of [*?P]orthophosphate into the 
tissue lipids in vivo (see Hevesy, 1948). That used in this 
study is based on the findings of Fishler, Taurog, Perlman & 
Chaikoff (1941), Hahn & Tyrén (1946) and Johnson & 
Dutch (1951). 

Rats were injected intraperitoneally with 4 yc of [8*P]- 
orthophosphate (supplied as orthophosphate in iso-osmotic 
solution containing phosphate buffer, pH 7) in 0-:9% NaCl 
soln. Four hr. later each rat was bled by aortic cannulation 
and its plasma was separated as described by Harris & 
Robinson (1961). The liver was removed, rinsed in 0:9% 
NaCl soln, dried on hard filter paper, weighed and stored at 
0° until all the rats in a particular group had been killed. 

In experiments in which the incorporation of [%*P]- 
orthophosphate into the plasma lipids was determined, 
each plasma sample was treated further as described by 
Friedlander, Chaikoff & Entenman (1945). Samples of the 
final trichloroacetic acid and ether extracts were taken for 
total phosphorus estimation and for counting. 


A sample (between 0-5 and 1 g.) of each liver was homo- 
genized in a Potter-Elvehjem glass homogenizer at 0° with 
5 ml. of a soln. of 10 % (w/v) trichloroacetic acid containing 
MgCl, (0-4m). The homogenate was left for 10 min. at 0 
and then centrifuged at 2500g for 10 min. The supernatant 
soln. was retained and the ppt. was dispersed in 7 ml. of a 
solution of 5% (w/v) trichloroacetic acid containing MgCl, 
(0-4m). The suspension was centrifuged again and the 
washing procedure was repeated until the final supernatant 
soln. contained no detectable radioactivity. Up to eight 
washings were required. All the operations were carried out 
in a cold room at 4°. 

Liver acid-soluble phosphorus. The combined supernatant 
solutions were centrifuged again to remove any traces of 
ppt. and suitable samples were taken for counting and for 
total phosphorus estimation. 

Liver-lipid phosphorus. The washed ppt. was dispersed in 
200 ml. of ethanol—diethyl ether (3:1, v/v), extracted for 
2 hr. at 55° and filtered. The residue on the filter paper was 
redispersed in a further 100ml. of ethanol-ether, re- 
extracted for 1 hr. at 55° and refiltered. The filtrates were 
combined and the solvent was removed in vacuo at 55° on a 
rotary evaporator. Air in the evaporator was replaced by 
N, before the system was evacuated. The brown oily 
residue which remained after evaporation was extracted 
three times with 20 ml. of diethyl ether at room tempera- 
ture and the total ether extract was washed by shaking it in 
a separating funnel with 20 ml. of a soln. of 0-1N-HCl and 
0-01 N-NaCl. The ether phase which separated on standing 
was retained, together with the interfacial material, and 
the washing procedure was repeated five times. During the 
washing diethyl ether was added to keep the volume of the 
ether phase above 50 ml. The final ether layer was clear and 
was recovered free from interfacial material. In one 
experiment the amount of radioactive material in the dis- 
carded interfacial layer was measured and was found to be 
less than 1 % of the total radioactivity of the ether phase. 

The rigorous washing procedure described above was 
carried out to ensure that non-lipid material containing 
82P was removed from the ether extract. As an added pre- 
caution, in some experiments the ether phase was also 
washed with a saturated soln. of Na,HPO, (Table 1, Expts. 2 
and 3) and in others it was shaken with solid Na,HPO, 
(Table 1, Expt. 1). In both cases it was subsequently re- 
washed several times with the soln. of 0-1N-HCl and 
0-01 n-NaCl. 

The final ether extract was concentrated to a volume of 
5 ml. and left overnight in a conical centrifuge tube at 0°. 
A small amount of water usually separated at the bottom 
of the tube: this was removed and the ether extract was 
made up to a known volume. Samples were taken for 
counting and for total phosphorus estimation. The specific 
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activities of lipid extracts from replicate samples of the 
same liver agreed within 3%. 

Liver residue phosphorus. The ppt. remaining after the 
extraction with ethanol-ether contained some organic 
phosphorus, presumably in the form of nucleic acid and 
phosphoprotein, The amount of radioactivity associated 
with this fraction was measured in some experiments by the 
method described by Cornatzer, Gallo & Davison (1953). 
The ppt. was dissolved in 20 ml. of n-NaOH with heating 
and suitable samples of the soln. were taken for counting 
and for total phosphorus estimation. The samples were 
neutralized with n-HCl. 

{xperiments were carried out to determine the extent of 
incorporation of [**P]orthophosphate into the individual 
phosphatides of the rat liver. The experimental procedure 
was as described above except that the livers from each 
group of animals, injected with either ethionine or 0-9% 
NaCl soln., were combined and treated together. They were 
homogenized in a Waring Blendor and the quantities of 
trichloroacetic acid, ethanol-ether etc. that were used were 
increased appropriately. The ether extracts were not 
treated with Na,HPO,. 

Fractionation of rat-liver phosphatides on silicic acid 
columns. In the experiments to determine the extent of 
incorporation of [**P]orthophosphate into the individual 
phosphatides of the rat liver the total phosphatides were 
first separated on a silicic acid column from the other lipids 
in the ether extract (Borgstrém, 1952). More than 95% of 
the lipid phosphorus added to this column was recovered in 
the final methanol eluate. The phosphatides were then 
fractionated further on a second column (Marinetti, 
Erbland & Kochen, 1957; Hanahan, Dittmer & Warashina, 
1957). All the silicic acid used in these procedures had been 
employed previously in the fractionation of liver phos- 
phatides so that breakdown of any plasmalogens present, 
which may occur on columns of fresh silicic acid (Gray & 
Macfarlane, 1958), was presumably minimal. 

Preparation of silicic acid columns. The columns (15 mm. 
diam.) were fitted with a sintered-glass filter end-piece and 
on this was placed a plug of glass wool, approx. 20 mm. 
thick. Each column was loaded with between 10 and 20 g. 
of silicic acid (Mallinckrodt’s analytical reagent, 100 mesh, 
not activated by heat) in CHCl,. A solvent reservoir, 
coupled to a cylinder of N,, was fitted at the top of the 
column for overnight fractionations. Up to 25 mg. of 
lipid/g. of silicic acid was added to each column. Flow rates 
were between 0-5 and 1-0 ml. of solvent/min. and were 
maintained, where necessary, by slight N, pressure. All the 
fractionations were carried out at 4° and were completed in 
48 hr. 

Separation of the individual liver phosphatides. The total 
methanol eluate from the preliminary column separation 
was taken to dryness in a rotary evaporator at 37° and the 
phosphatide residue was redissolved in 15 ml. of CHC\,. 
The CHCl, soln. was added to a second silicic acid column 
and was washed on to the column with CHCI,. The phos- 
phatides were then fractionated with the following solvent 
mixtures, used in succession: CHCl,—methanol (4:1, v/v), 
CHCI,-methanol (1:1, v/v) and methanol. The progress of 
the fractionation was followed by phosphorus analyses on the 
eluate fractions. More than 95% of the lipid phosphorus 
added to the column was recovered in the eluate fractions. 

The fractionation pattern is shown in Fig. 1. Although 
no complete analysis was attempted the main fraction (A) 


eluted by CHCl,—methanol (4:1, v/v) had an esterified fatty 
acid: phosphorus ratio of 2:04:1 and a high content of 
amino nitrogen. It did not contain inositol or choline. 
Hydrolysates of the first component (B) eluted by CHCl,— 
methanol (1:1, v/v) contained inositol as a major con- 
stituent. The second component (C) eluted by CHCl,- 
methanol (1:1, v/v) had an esterified fatty acid: phos- 
phorus: choline ratio of 1-92:1:0-95. It contained 3% of 
plasmalogen but no detectable amino nitrogen. The frac- 
tions eluted by methanol were not studied. On the basis of 
the above data the main components were identified as: 
A, a mixture of ethanolamine and serine phosphatides; B, 
inositol phosphatide; C, lecithin. This pattern of elution 
agrees with that described by Hanahan et al. (1957) for a 
similar fractionation system. 

Reagents. For most of the extractions and analytical 
estimations CHCl,, methanol, ethanol and anaesthetic 
diethyl ether were used as supplied. The CHCl, used in the 
silicic acid-column fractionations was purified by washing 
with water, drying over anhydrous Na,SO, and redistilla- 
tion, and was finally stabilized with 2% methanol (v/v). 


Incorporation of pu-[1-4C]lewcine and [®*P ]ortho- 
phosphate into the liver and serum proteins and 
lipids in vitro 
Liver slices were incubated in serum containing either 

DL-[1-“C]leucine or [°?P orthophosphate to determine the 

extent of incorporation of these substances into either the 

liver and serum proteins (see Radding, Bragdon & Stein- 
berg, 1958) or the liver lipids. 

Preparation of liver slices and incubation procedure. Rats 
were killed and their livers were removed and rinsed in ice- 
cold Hanks (1948) soln. (16 g. of NaCl, 0-8 g. of KCl, 0-8 g. 
of CaCl, ,6H,O, 0:4 g. of MgSO,,7H,0, 0-2 g. of Na,HPO, 
and 0:2 g. of KH,PO,/2 1. of water). Liver slices, approx. 
0-5 mm. thick, were cut by hand by the method of Deutsch 
(1936) as described by Umbreit, Burris & Stauffer (1957). 
The livers and the slicer were kept moist with ice-cold 
Hanks soln. A sample of liver was retained for determina- 
tion of the esterified fatty acid concentration. 

The slices were put immediately into 5 ml. of ice-cold 
serum containing either 6 uc of pL-[1-C]leucine or 1-2 yc 
of [82P]Jorthophosphate in a 25 ml. Erlenmeyer flask. 
About 500 mg. of tissue was used from each liver. The 
serum was obtained by allowing blood from normal rats to 
clot and then separating the serum by centrifuging. Air 
was displaced from the flasks by O, and the flasks were 
sealed and gently shaken in a water bath at 37°. After 
4hr. the serum was poured off from the slices and centri- 
fuged for 10 min. at 2500g to remove tissue fragments. The 
liver slices were rinsed in Hanks soln., dried on hard filter 
paper and weighed. 

In the experiments with pt-[1-C]leucine the serum was 
fractionated by high-speed centrifuging as described below. 
Subsequent treatment of the liver slices depended upon the 
nature of the experiment. If the incorporation of [**P]- 
orthophosphate into the liver lipids was being studied acid- 
soluble and lipid phosphorus fractions were prepared as 
already described for the experiments in vivo. If the in- 
corporation of pL-[1-!C]leucine into the liver proteins was 
under investigation the slices were homogenized in a 
Potter-Elvehjem glass homogenizer with 7 ml. of 10% 
(w/v) trichloroacetic acid soln. The homogenate was centri- 
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fuged at 2500g for 10 min. at 0° and the ppt. was washed 
repeatedly with 5% (w/v) trichloroacetic acid soln. until 
the washings contained no detectable radioactivity. Up to 
12 washings were required. The ppt. was then extracted 
with three successive portions of hot acetone—ethanol 
(1:1, v/v) and once with diethyl] ether and was stored as a 
suspension in water. 

Separation of serum fractions. A centrifuging technique 
was used for the separation of the serum fractions (see 
Bragdon, Havel & Boyle, 1956; Korn, 1959). After the 
removal of cell debris by centrifuging for 10 min. at 2500g, 
the density of the serum was adjusted to 1-063 by the 
addition of a salt soln. of d 1-35 (NaCI-KBr mixture). The 
serum was then centrifuged at 114 000g for 22 hr. at 0° in 
the no. 40 head of the Spinco (model L) ultracentrifuge. 
Serum lipoproteins of d < 1-063 were concentrated at the 
top of the Lusteroid centrifuge tube (capacity 6-5 ml.) and 
could be recovered by slicing the tube at a suitable level 
(2:lem. from the bottom of the tube cap) with a slicer 
similar to that described by Randolph & Ryan (1950). 
Sufficient solid KBr was then added to the serum fraction 
in the bottom segment of the centrifuge tube to raise d to 
1-21, and this soln. was transferred to a second tube. This 
was filled with a salt soln. of d 1-21 and centrifuged at 
114 000g for 48 hr. at 0°. Lipoproteins of d 1-:063—1-21 were 
concentrated at the top of the tube and were recovered by 
slicing as before. The serum proteins of d > 1-21 in the 
bottom of the tube were retained. 

Precipitation and extraction of serum proteins. Each 
centrifugal fraction, or a suitable sample of the proteins of 
d >1-21, was transferred quantitatively to a Pyrex 
centrifuge tube (15 ml.). Ethanol and trichloroacetic acid 
were added to final concentrations of 70% (v/v) and 5% 
(w/v) respectively. The contents of each tube were mixed, 
left for 24 hr. at 0° and centrifuged at 2500g for 10 min. at 
0°. The protein ppt. was washed with 70% (v/v) ethanol 
containing 5% (w/v) of trichloroacetic acid until the 
washings contained no detectable radioactivity and was 
then extracted with three successive portions of hot 
acetone-ethanol (1:1, v/v). 

These procedures for washing the lipoprotein fractions 
and for lipid extraction were adopted after several other 
methods had been tried. With trichloroacetic acid alone the 
lipoprotein ppt. was difficult to centrifuge and much was 
lost. Extraction of the lipoprotein ppt. with further 
organic solvent mixtures did not extract any additional 
lipid. 

Acid hydrolysis of protein fractions. The serum-protein 
ppts. were dried in air at 37°. Samples of the liver-protein 
suspension were also dried in Pyrex centrifuge tubes in air 
at 37°. Hydrochloric acid (6N, 0-5 ml./2 mg. of protein) 
was then added, the tubes were sealed and the protein was 
hydrolysed for 18 hr. at 105°. The hydrolysates were taken 
to dryness over P,O; in a vacuum desiccator containing 
solid KOH. A little water was added to each residue and 
removed again in vacuo to ensure the removal of excess of 
HCl. The hydrolysates were then dissolved in 0-5 ml. of 
citrate buffer, pH 5-0 [0-2m-NaOH-0-2m-citric acid soln. 
(65:35, v/v)]. After centrifuging, suitable samples of the 
supernatant soln. were taken for the measurement of 
amino nitrogen and radioactivity. 

Two experiments were carried out to determine whether 
DL-[1-C]leucine that was not incorporated into protein 
would be removed from the protein ppts. by the procedure 
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described. In one, 5 ml. of serum containing 6c of DL- 
[1-14C]leucine was incubated alone for 4 hr. at 37° and, in 
the other, liver slices were incubated for 1 min. only at 37° 
in 5 ml. of serum containing 6 yo of pt-[1-4C]leucine. In 
neither case did the activity of any of the serum- and liver- 
protein fractions which were isolated exceed 2 counts/min. 
100 ng. of amino nitrogen. In similar expts., in which liver 
slices were incubated for 5 min. at 37° in 5 ml. of serum 
containing 1-2 yc of [?*P orthophosphate, the activity of the 
liver-phosphatide fraction was never greater than 1-5 
counts/min./ug. of phosphorus. 

The concentration of free amino acid in the serum was 
between 4 and 5 pmoles/ml. initially. After incubation with 
liver slices from either normal or ethionine-treated rats it 
rose to between 8 and 10 umoles/ml./500 mg. of wet tissue. 
Thus the increase in the free amino acid concentration during 
incubation was not influenced by the origin of the slices. 


Counting procedure 

The counting procedure was as described by Harris & 
Robinson (1961). Counts for replicate samples agreed 
within 3% except for those on material containing acid- 
soluble phosphorus in trichloroacetic acid, where replicate 
samples agreed within 5%. 

In the experiments with pL-[1-C]leucine a self-ab- 
sorption curve for pt-[l-!C]leucine in the presence of 
citrate buffer and a suitable amino acid mixture was pre- 
pared and the counts were corrected to zero mass. 


Analytical methods 


The methods used to prepare lipid extracts of plasma and 
liver and to estimate total esterified fatty acids, total 
cholesterol and phosphatide phosphorus therein have been 
described by Harris & Robinson (1961). The method of 
Allen (1940) was used to measure acid-soluble phosphorus. 

Acid hydrolysis of the phosphatides eluted from the 
silicic acid columns was carried out by refluxing with 6N- 
HCl for 6 hr. the residues remaining after evaporation of 
the eluting solvent. After hydrolysis water was added to 
lower the HCl concentration to 2N and the free fatty acids 
were extracted with light petroleum. Samples of the aqueous 
phase were then taken to dryness over P,O; in a vacuum 
desiccator containing solid KOH. A little water was added 
to each residue and removed again in vacuo to ensure the 
removal of excess of HCl. 

Choline in the hydrolysates was determined by the 
method of Appleton, La Du, Levy, Steele & Brodie (1953), 
as modified by Dawson (1956). Inositol in the hydrolysates 
was assessed by the paper-chromatographic method 
described by Olley (1956). The amino-nitrogen content of 
the phosphatide fractions was determined before hydrolysis 
by the method of Lea & Rhodes (1954). Plasmalogens 
were determined as described by Gray & Macfarlane (1958). 

Free amino acid nitrogen in protein hydrolysates and in 
serum was measured by the method of Yemm & Cocking 
(1955). The serum proteins were first removed as described 
by Dunn, Schott, Frankl & Rockland (1945). 


RESULTS 


Effect of ethionine treatment on the incorporation of 
[82P orthophosphate into liver and plasma phos- 
phatides in vivo. In Tables 1 and 2 are shown the 
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Table 1. Effect of ethionine on the incorporation of [8*P jorthophosphate into the 
liver phosphatides of the female rat in vivo 


Female rats, which had received subcutaneous injections of either 2 ml. of ethionine (25 mg./ml.) in 0-9% 
NaCl soln. (ethionine group) or 2 ml. of 0-9% NaCl soln. (control group), at the times specified below, were in- 
jected intraperitoneally with [**P orthophosphate (4 wc/rat) and killed 4 hr. later. Hxpt. 1: ethionine injections at 
0, 24, 48 and 72 hr.; *2PO, injection at 72 hr. Expt. 2: ethionine injections at 0, 24, 48, 56 and 72 hr.; ®*PO, 
injection at 72 hr. Rats were fasted from 56 hr. HLxpt. 3: ethionine injections at 0, 8 and 24 hr.; **PO, injection 
at 24hr. Rats were fasted from 12 hr. 


Total esterified Specific activity 
fatty acids (counts/min./ug. of P) Relative specific activity* 
Liver _Liver acid- Liver 
Expt. Rat Plasma (mg./g. soluble Liver Liver residue Plasma 
no. Group no. (mg./ml.) wet wt.) phosphorus phosphatide phosphatide phosphorus phosphatide 

l Ethionine 1 ~- 96 39-5 6°] 0-15 — — 

2 — 78 41-8 3°8 0-09 — — 

: - 113 37-0 9-4 0-25 — — 

Control 1 aa 45 42-0 12-0 0-29 —- _ 

2 -— 54 39-6 13-5 0-35 _ —_ 

3 _ 48 28-0 9-3 0-33 — — 
2 Ethionine 1 0-48 122 45-0 6-6 0-15 0-08 0-03 
2 0-30 79 49-5 10-2 0-21 0-10 0-04 
3 0-33 114 35-0 6-7 0-19 0-08 0-05 
Control 1 1-45 38 48-8 13-0 0-27 0-07 0-35 

2 1-14 41 48-6 14-9 0-31 0-06 = 
: 1-23 48 45-5 12:1 0-27 0-08 0-30 
3 Ethionine 1 0-48 121 33-6 7-8 0-23 — 0-03 
2 0-31 139 36:1 6-8 0-19 —- 0-12 
3 _- 115 33-5 6-8 0-20 — 0-07 
Control 1 1-13 54 41-5 14-5 0-35 0-32 
2 0-99 41 41-8 13-8 0-33 — 0-33 
3 1-26 43 39-0 16-0 0-41 — 0:39 


* Ratio of the specific activity of phosphorus in the form specified to that of the acid-soluble phosphorus. 








Table 2. Effect of ethionine on the incorporation of [*P orthophosphate into the 
liver phosphatides of the male rat in vivo 


Conditions were as described in Table 1. Expt. 1: ethionine injections at 0, 24, 28, 32 and 48 hr.; **PO, in- 
jection at 48 hr. Expt. 2: ethionine injections at 0, 4, 8 and 24 hr.; #*PO, injection at 24 hr. Rats were fasted 
from 8 hr. 








Total esterified Specific activity 
fatty acids (counts/min./ug. of P) Relative specific activity* 
~~ ™ c " -* a aa sa : =—* 
Liver Liver acid- Liver 
Expt. Rat Plasma (mg./g. soluble Liver Liver residue Plasma 
no. Group no. (mg./ml.) wet wt.) phosphorus phosphatide phosphatide phosphorus phosphatide 
1 Ethionine 1 0-44 115 31-0 1-6 0-05 0-04 -- 
2 0-2% 77 32-0 3-6 0-11 0-05 0-05 
Control 1 1-07 48 39-5 11-2 0:28 0-09 0-32 
2 1-26 37 26-6 8-1 0-30 0-08 0-26 
3 1-03 40 30-5 8-3 0-27 0-07 0-32 
2 Ethionine 1 --- 54 37-3 6-9 0-18 0-05 
2 -- 82 43-1 5:7 0-13 0-05 — 
‘ — 101 32-0 4-3 0-13 0-05 - 
4 — 86 37-7 5-1 0-13 0-06 - 
Control 1 -— 29 45-9 10-0 0-22 0-06 — 
2 — 34 43-5 9-3 0-21 0-06 —_— 
3 — 35 38-0 10-2 0-27 0-06 — 
4 — 39 38-7 12-0 0-31 0-05 - 


* Ratio of the specific activity of phosphorus in the form specified to that of the acid-soluble phosphorus. 
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specific activities and relative specific activities of 
various liver and plasma fractions 4 hr. after the 
intraperitoneal injection of [**P]orthophosphate 
into rats previously injected with either ethionine 
or 0-9% sodium chloride solution. The extent of 
incorporation of [®*P]orthophosphate into the 
fractions shows considerable individual variation. 
However, under these experimental conditions 
there is in both male and female rats a decrease in 
the extent of [°*P]orthophosphate incorporation 
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into the liver phosphatides after ethionine treat- 
ment. Incorporation into plasma phosphatides is 
also markedly lowered. 

The relative specific activity of the liver residue 
protein fraction, which presumably contains nucleo- 
protein and phosphoprotein, is much less than that 
of the liver phosphatides in the normal rat: no 
significant change occurs after ethionine treat- 
ment. 

Effect of ethionine treatment on the incorporation 


Ethionine 


Relative specific activity 
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Fig. 1. 
[82P Jorthophosphate. 


Fractionation of the liver phosphatides from control and ethionine-treated female rats injected with 
A, Mixed serine and ethanolamine phosphatides; B, inositol phosphatide; 


C, lecithin. 


The identification of these components is based on data given in the Methods section. The relative specific 


activity (QO), as well as the phosphorus content ( 


@), of certain of the eluate fractions is shown. 


Relative specific 


activity = ratio of the phosphatide phosphorus specific activity to the acid-soluble phosphorus specific activity. 
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of [8*P orthophosphate into individual liver phos- 
phatides in vivo. To determine whether the de- 
crease in incorporation of [**P]Jorthophosphate 
after ethionine administration was restricted to 
particular liver-phosphatide components, the liver 
phosphatides from rats which had been injected 
with [*2P orthophosphate, after being given either 
ethionine or 0-9 % sodium chloride solution, were 
fractionated on silicic acid columns. The relative 
specific activities of the total phosphatide extracts 
before their fractionation were 0-29 for the animals 
injected with 0-9% sodium chloride and 0-19 for 
the animals injected with ethionine. 

The results of the fractionations and the relative 
specific activities of certain of the individual 
phosphatide components are shown in Fig. 1: the 
relative specific activities of all the components 
could not be measured as there was not enough 
material. After ethionine treatment there was a 
decrease in the relative specific activities of all the 
phosphatides studied. 

In both the normal and ethionine-treated group, 
there was a progressive rise in the relative specific 
activities of the fractions collected from the column 
as the liver lecithin was eluted. With respect to the 
rate of incorporation of [**P]Jorthophosphate 
therefore the liver-lecithin component appears to 
be heterogeneous. The mixed serine and ethanol- 
amine phosphatide and the inositol phosphatide 
components may have a similar heterogeneity since 
the data in Fig. 1 show that the eluted fractions 
of these phosphatides with maximum relative 
specific activity were not those of maximum phos- 
phorus content. These findings, together with evi- 
dence that the heterogeneity of the liver-lecithin 
component is associated with differences in the fatty 
acid composition of the eluted fractions, have been 
presented elsewhere (Harris, Robinson & Getz,1960). 


1961 


Effect of ethionine treatment on the incorporation of 
[32P orthophosphate into liver phosphatides in vitro. 
Liver slices from rats that had been injected with 
either ethionine or 0-9 % sodium chloride solution 
were incubated for 4 hr. at 37° in serum containing 
[?2Pjorthophosphate and the relative specific 
activities of the phosphatide fractions isolated 
from the liver slices after the incubation were 
measured (Table 3). No change could be detected 
in the relative specific activity after ethionine 
administration. 

The conditions of this experiment differed from 
those of the studies in vivo since ethionine was 
given only a few hours before the rats were killed, 
although the total amount of ethionine admin- 
istered was comparable with that in Expt. 3, 
Table 1. The conditions were similar to those in the 
experiments described below on the incorporation 
of pu-[1-!C]leucine into the rat-liver proteins. 

Effect of ethionine treatment on the incorporation 
of pu-[1-4C]leucine into rat liver and serum proteins 
in vitro. Ethionine administration in the rat 
reduces the rate of incorporation of labelled amino 
acids into the hepatic proteins, both in vivo and in 
cell-free preparations im vitro, and lowers the 
activity of certain liver enzymes (Simpson, Farber 
& Tarver, 1950; Lee & Williams, 1952; Bollag & 
Gallico, 1952; Younathan, Frieden & Dittmer, 
1956; Farber & Corban, 1958; Freedland & Harper, 
1958). On the basis of these findings it has been 
suggested that ethionine interferes with some stage 
of hepatic-protein synthesis (see Farber, 1959). If 
this is so, the synthesis of the serum proteins and 
lipoproteins, which are formed in the liver, should 
also be inhibited after ethionine administration. 
This possibility was investigated by incubating 
liver slices from normal and ethionine-treated rats 
in normal rat serum containing DL-[1-14C]leucine. 





Table 3. Effect of ethionine on the incorporation of [®*P orthophosphate into rat-liver phosphatides in vitro 


Female rats were injected subcutaneously with 3, 1-5 and 1-5 ml. of ethionine (25 mg./ml.) in 0-9 % NaCl soln. 
at 0, 1-5 and 3 hr. respectively (ethionine group). Other female rats were given corresponding injections of 
0-9 % NaCl soln. (control group). The rats were killed 5 hr. after the initial injection and slices (approx. 500 mg. 
wet wt.) from each rat liver were incubated for 4 hr. at 37° in 5 ml. of rat serum containing 1-2 no of [**P]- 
orthophosphate. Incorporation of the **P into the liver phosphatides was measured. 


Liver total 


esterified 
fatty acids 
Rat (mg./g. 
Group no. wet wt.) 
Ethionine 1 56 
2 52 
é 41 
Control 1 40 
2 36 
3 39 


Specific 


activity of Specific 
liver acid- activity Relative 
soluble of liver specific 
phosphorus phosphatide activity 
(counts/min./ (counts/min., of liver 
pg. of P) pg. of P) phosphatide* 
543 40 0-07 
606 32 0-05 
588 26 0-04 
470 24 0-05 
384 18 0-05 
450 23 0-05 


* Ratio of specific activity of phosphatide to that of acid-soluble phosphorus. 
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Table 4. Effect of ethionine on the incorporation of pu-[1-4C]leucine into rat liver and 
serum proteins in vitro 


Female rats were injected subcutaneously at 0, 1-5 and 3 hr. with either 3, 1-5 and 1-5 ml. of ethionine (25 mg./ 
ml.) in 0-9 % NaCl soln. (ethionine group) or equivalent amounts of 0-9% NaCl soln. (control group). The rats 
were killed 5 hr. after the initial injection and slices (approx. 500 mg. wet wt.) from each rat liver were incubated 
for 4 hr. at 37° in 5 ml. of rat serum containing 6 wo of pL-[1-C]leucine. Incorporation of !C into the liver and 
serum proteins was determined. Radioactivity values are expressed as the means--s.p. Each group consisted 


of four rats. 


Liver total 


Radioactivity in protein hydrolysates 
(counts/min./100 yg. of amino N) 





Serum 


esterified 
fatty acids lipoproteins 
Group (mg./g. wet wt.) of d < 1-063 
Ethionine 54+11 99 + 23 
Control 39+5 291+ 42 


Under these conditions Radding et al. (1958) have 
shown that with liver slices from normal rats 4C 
was incorporated into the serum proteins and lipo- 
proteins. This represented the release of newly 
synthesized serum protein by the liver, since in- 
corporation did not occur in the absence of liver 
and was decreased in the presence of known in- 
hibitors of protein synthesis such as dinitrophenol 
and fluorophenylalanine. 

In the present experiments the incorporation of 
MC into the serum lipoproteins of d < 1-063 (low- 
density lipoproteins) and d_ 1-063-1-21 (high- 
density lipoproteins) and into the serum-protein 
fraction of d > 1:21, which consists mainly of 
serum albumin, was reduced in animals pretreated 
with ethionine (Table 4). Incorporation into the 
liver proteins was also reduced. The reductions in 
incorporation into the liver-protein fraction and 
into the two serum-lipoprotein fractions were 
significant at a 1% level of confidence and those 
into the serum-protein fractions of d > 1-21 at a 
5% level of confidence, as measured by the 
Behrens test of the significance of differences 
between two means (Fisher & Yates, 1957). 

It would be of interest to determine whether the 
extent of the reduction in incorporation of C after 
ethionine treatment differed for the different 
serum-protein groups since the rates of synthesis of 
these proteins by the liver could be affected by 
ethionine to different extents (see Discussion). The 
data in Table 4 are not adequate to test this possi- 
bility. The percentage reduction in the number of 
counts in the serum-lipoprotein fraction of 
d < 1-063 is not significantly different at a 5% 
level of confidence from the reduction in the 
fraction of d 1-063—1-21: and, although the per- 
centage reduction in the number of counts in each 
of the lipoprotein fractions is significantly greater 
at a 5% level of confidence than that in the frac- 
tion of d > 1-21, the latter contains several 
distinct protein species. 





To. > So 
Serum Serum 
lipoproteins proteins Liver 
of d 1-063-1-21 of d > 1-21 proteins 
48+ 6:3 265 +59 
112+41 507457 








DISCUSSION 


Effect of ethionine on the incorporation of [3?P]- 
orthophosphate into the liver and serum phosphatides. 
The development of fatty livers in experimental 
animals on a diet deficient in choline is associated 
with a reduction in the rate of phosphatide syn- 
thesis in the liver (Best, 1956). The present studies 
suggest that under certain conditions in vivo a 
reduced rate of hepatic-phosphatide synthesis may 
accompany the development of a fatty liver after 
ethionine administration. Since ethionine reduces 
the ability of the essential amino acid, methionine, 
to provide methyl groups for endogenous choline 
synthesis (Simmonds, Keller, Chandler & du 
Vigneaud, 1950), it might be supposed that the 
fatty liver induced by ethionine arises from a lack 
of available choline for lecithin synthesis. 

However, there are important differences be- 
tween the fatty liver caused by ethionine and that 
due to choline deficiency. Dietary or injected 
choline does not prevent the development of the 
former (Farber, Simpson & Tarver, 1950), and the 
visible liver fat is said to be periportal in distribu- 
tion in ethionine-treated animals but centrolobular 
in choline deficiency (Koch-Weser, Farber & 
Popper, 1951). The reduction in the rate of phos- 
phatide synthesis by the liver in animals on a 
choline-deficient diet is restricted to the lecithin 
fraction (Artom & Cornatzer, 1948), whereas the 
fall in the rate of [?*PJorthophosphate incorpora- 
tion into the liver phosphatides observed in the 
present study was not limited to this fraction. In 
view of these differences the decrease after ethio- 
nine administration in the rate of incorporation of 
[§2P orthophosphate into the liver phosphatides in 
vivo observed in the present study seems unlikely 
to be due to a reduction in the availability of 
choline for lecithin synthesis. it may rather be 
secondary to inhibition of the synthesis of the 
protein moiety of the serum lipoproteins in the 
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liver (see below). Such an inhibition might be 
expected to result in a fall in the rate of formation 
in the liver of those phosphatides which are com- 
bined in the serum lipoproteins. The virtually 
complete inhibition of [**PJorthophosphate in- 
corporation into the serum phosphatides after 
ethionine administration, as compared with the 
moderate fall in the rate of incorporation into the 
total liver phosphatides, would be consistent with 
this view. 

Effect of ethionine on the incorporation of DL- 
[1-4C]leucine into the liver proteins and the serum 
proteins and lipoproteins. When rat-liver slices are 
incubated in serum containing DL-[1-!4C]leucine, 
4C is incorporated into the liver proteins; the rate 
of this incorporation is reduced when the liver 
slices are obtained from animals that have been 
treated with ethionine. This result, though not 
itself constituting proof of inhibition of protein 
synthesis in the liver by ethionine (see Tarver, 
1954; Loftfield, 1957; Campbell, 1958), is con- 
sistent with the evidence for such an effect obtained 
by other workers (see Results). The further obser- 
vation that the rate of 4C incorporation into the 
serum proteins and lipoproteins was markedly 
reduced within 5 hr. of ethionine administration 
suggests that synthesis in the liver of the serum 
proteins, and of the protein moieties of the serum 
lipoproteins, is also inhibited. An effect on the 
serum lipoproteins would be of interest since it 
might explain the action of ethionine in lowering 
the serum-lipid concentration and raising the liver- 
triglyceride concentration. If the formation of the 
serum lipoproteins in the liver is inhibited the con- 
centration of lipids in the serum will fall; and since 
triglyceride is normally carried from the liver as 
part of the serum lipoproteins any reduction in the 
rate of serum-lipoprotein formation could lead to 
an accumulation of liver triglyceride. 

Although data are not available for the rat, 
measurements of the rates of turnover of the 
protein moieties of the low- and high-density 
plasma lipoproteins have been made in man and 
in the rabbit (Volwiler e¢ al. 1955; Gitlin & Corn- 
well, 1956; Avigan, Eder & Steinberg, 1957). The 
circulating half-life of the low-density lipoprotein is 
between 2-0 and 3-5 days and that of the high- 
density lipoprotein is between 4 and 5 days. These 
values are of the order that would be required for 
a decrease in the plasma lipid to be observable in 
vivo within 24 hr. of giving ethionine, if the reduc- 
tion was mediated through an inhibition of plasma- 
lipoprotein synthesis. 

The present results are therefore consistent with 
the view that a reduction in the rate of synthesis 
of the protein moieties of the serum lipoproteins 
occurs at an early stage after the administration of 
ethionine to the rat, and that this reduction may 


contribute towards the changes in the concentra- 
tion of serum and liver lipids that were found in the 
intact animal (Harris & Robinson, 1961). Further 
factors contributing towards the increase in liver- 
triglyceride concentration after ethionine may be 
a mobilization of fatty acids to the liver (Harris & 
Robinson, 1961) and a reduced rate of fatty acid 
oxidation in the liver as reported by Artom (1959). 

A possibly analogous situation, in which the 
development of a fatty liver is accompanied by a 
decrease of serum lipid, occurs in a variety of con- 
ditions; for example, in protein malnutrition, as in 
man in kwashiorkor (Trowell, Davis & Dean, 
1954), or in experimental animals fed with diets 
low in protein or deficient in certain essential amino 
acids (Olson, 1958-59). It can also occur in man in 
toxic hepatitis and advanced cirrhosis of the liver 
(Man, Kartin, Durlacher & Peters, 1945). It may 
be that a common factor in these conditions is an 
impaired hepatic synthesis of serum lipoproteins, 
caused by either a deficiency of amino acids reach- 
ing the liver or by extensive tissue damage. 


SUMMARY 


1. The administration of ethionine (150-250 mg./ 
animal) to either male or female rats for periods of 
between 24 and 72 hr. reduces the rate of incorpora- 
tion of [°?P]orthophosphate in vivo into the liver 
phosphatides by between 40 and 50 % and into the 
plasma phosphatides by between 80 and 90 %. The 
reduction in the rate of incorporation into the liver 
phosphatides is not restricted to the liver-lecithin 
fraction. 

2. Ethionine administration (150 mg./animal) 
for a shorter period of 5 hr. does not change the 
rate of incorporation of [°*P]orthophosphate into 
the liver phosphatides when rat-liver slices are 
incubated in serum in vitro; under the same condi- 
tions, the rate of incorporation of p1-[1-14C]leucine 
into the liver and serum proteins and lipoproteins 
is reduced. 

3. The significance of these observations is dis- 
cussed in relation to the action of ethionine in 
lowering the serum lipid and raising the liver- 
triglyeride concentration in the intact animal. 

The authors thank Miss 8. Such for careful and expert 
technical assistance. 
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Alkaline Phosphatase of Human Leucocytes 
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Valentine & Beck (1951), Wachstein (1946), 
Wiltshaw & Moloney (1958) and Williams & 
Mendel (1954) have reported significant alterations 
in the alkaline phosphatase of the leucocyte in 
some maladies. Large increases in the content of 
this enzyme in the human leucocyte have been 


24 


found in infection, polycythaemia vera and in 
leukaemoid states, and sharp decreases have been 
noted in chronic myelocytic leukaemia. These 
changes have been sufficiently well documented by 
both biochemical and histochemical techniques to 
justify their use as diagnostic aids in the study of 
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some blood dyscrasias (Koler, Seaman, Osgood & 
Vanbellinghen, 1958). However, little is known of 
the physiological role of this enzyme in the leuco- 
cyte nor of the part it plays in this cell’s response 
to stress and disease. 

This investigation was therefore undertaken in 
an attempt to elucidate the specific action of the 
alkaline phosphatase of the human leucocyte. A 
purified preparation of the enzyme from human 
leucocytes was prepared and was studied for pH 
optimum, metal requirements and_ substrate 
specificity. 


MATERIALS AND METHODS 


The methods used in the separation of leucocytes from 
whole blood have been described by Trubowitz, Feldman, 
Benante & Kirman (1957). Approximately 501. of freshly 
drawn human blood was processed in 51. batches. The 
washed separated leucocytes obtained from each batch 
were suspended in 200 ml. of water, homogenized in a glass 
homogenizer at 0—-5° for 5 min. and stored at -—20° until 
required. 

During the course of the purification procedure, alkaline 
phosphatase was determined by incubating 0-3 ml. of the 
enzyme preparation, 9-0 ml. of sodium glycerol 2-phosphate 
(0-026M), buffered at pH 9-9, with 0-1M-sodium hydroxide 
and 0-02m-sodium diethyl barbiturate, 0-2 ml. of 0-05m- 
MgCl, and 0-5 ml. of 0-9% NaCl solution. All determina- 
tions were done in duplicate. The reaction was stopped 
after 1 hr. at 37° by the addition of 2 ml. of 30% trichloro- 
acetic acid. Precipitated material was removed by filtra- 
tion. Sample blanks consisted of mixtures to which the 
trichloroacetic acid was added before the enzyme and 
reagent blanks contained 0-3 ml. of 0-9% NaCl in place of 
the enzyme solution. Phosphorus was determined in 3 ml. 
portions of the filtrates by the method of Fiske & Subbarow 
(1925); after colour development, extinctions were 
measured at 660 my. Enzyme activity is reported as yg. of 
phosphorus liberated/hr. under these conditions. Specific 
activity is expressed as yg. of phosphorus liberated/hr./mg. 
of enzyme nitrogen. Nitrogen values were determined by 
the micro-Kjeldahl method. In the determination of 
enzyme activity on the various phosphorylated substrates, 
a final substrate concentration of 2 mm was employed. This 
concentration was chosen in view of the poor solubility of 
several of the substrates. 


RESULTS 
Purification procedure 


Butanol extraction and acetone precipitation. 
Liberation of the enzyme from lipids and phospho- 
lipids with subsequent solubilization was achieved 
by extraction with butan-l-ol by the method of 
Morton (1950). Approximately 200 ml. of homo- 
genized leucocytes, representing the cells from 51. 
of blood, was extracted at —10° with 0-4 vol. of 
butan-]-ol with stirring for 5 min. The mixture was 
then warmed to 37°, stirred for 5 min. and centri- 
fuged at 9—-5° for 15 min. at 900g. This operation 


produced three layers: a butan-1-ol phase, an inter- 
face pellet and a lower aqueous phase. The butan- 
1-ol was removed by aspiration and discarded. The 
interface pellet, together with the aqueous phase, 
were filtered by suction. The pellet was washed 
twice with portions (10 ml.) of water; the washings 
were added to the aqueous phase and the pellet 
was discarded. The aqueous phase was then sub- 
jected to two further butan-l-ol extractions as 
described above. In the next step, acetone was 
added to the aqueous layer to a final concentration 
of 60% (v/v) at —10°. After 12 hr. at — 20°, the 
precipitate was removed by centrifuging at 0-5 
for 15 min. at 900g, and the supernatant was dis- 
carded. Excess of acetone was removed from the 
precipitate by a stream of nitrogen. 

The precipitate was redissolved either in approx. 
100 ml. of water and freeze-dried (the freeze-dried 
preparation was stable indefinitely at — 20°) or in 
approx. 60 ml. of 0-1 M-sodium hydrogen carbonate, 
and used for the next step, i.e. ammonium sulphate 
precipitation. Specific activity was increased from 
16-2 to 402 with no significant loss of total enzyme 
activity. The yield of precipitate varied between 
800 mg. and 1 g. of powder for each 51. of blood. 

Ammonium sulphate fractionation. Pooled freeze- 
dried powder obtained in the previous series of 
steps was dissolved in 0-l1m-sodium hydrogen 
carbonate to a concentration of approx. 1 mg. of 
nitrogen/ml. and centrifuged at 0—5° for 15 min. at 
900g to remove traces of insoluble material. 
Saturated ammonium sulphate was added to 60% 
of saturation. The solution was centrifuged at 0-5 
for 20 min. at 900g and the supernatant discarded. 
The precipitate was redissolved in approx. 40 ml. 
of 0-lm-sodium hydrogen carbonate and _ the 
solution was dialysed against 0-1 M-sodium hydrogen 
carbonate at 0-5° until free of sulphate. The 
specific activity was increased from 304 to 738 by 
this fractionation. Centrifuging the solution of the 
freeze-dried powder in sodium hydrogen carbonate 
before ammonium sulphate treatment resulted in a 
100 % recovery of activity with removal of 7% of 
the total nitrogen. 

Acetone precipitation, chloroform extraction and 
ethanol fractionation. Acetone was added to the 
solution after dialysis to a final concentration of 
60% (v/v). Precipitation was allowed to take 
place for 12 hr. at — 20° and the preparation was 
centrifuged at 0-5° for 20 min. at 900g. The super- 
natant was discarded, excess of acetone removed by 
means of a stream of nitrogen and the precipitate 
redissolved in 55ml. of 0-1m-sodium hydrogen 
carbonate. Chloroform (1 vol.) was added and the 
mixture was stirred vigorously at room tempera- 
ture for 10 min. The preparation was again centri- 
fuged at 0-5° for 15 min. at 900g, and the chloro- 
form and interface residue were discarded. Abso- 
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Table 1. Specific activity and average percentage yields at major steps during 
the course of purification of leucocyte alkaline phosphatase 


Assays were performed with 9-0 ml. of 0-026Mm-sodium £-glycerol 2-phosphate (buffered at pH 9-9 with 0-02m- 
veronal), 0-02 ml. of 0-05M-MgCly, 0-5 ml. of 0-9% NaCl and 0-3 ml. of enzyme preparation. The range of specific 
activities (ug. of P liberated/hr./mg. of enzyme N) represents the values obtained in the course of the purification 
of ten individual batches of leucocytes. Average percentage yield refers to each individual step. Incubations were 
at 37° and enzyme activity was stopped by the addition of 2 ml. of 30% trichloroacetic acid. 


Operation 


Isolation and homogenization of cells 
Butanol extraction (three times) 
Precipitation with 60% (v/v) acetone 


Ammonium sulphate fractionation (0-60%) and dialysis 


Precipitation with 60% (v/v) acetone 
Chloroform extraction 
Ethanol fractionation (0-65%, v/v) 





Specific Average 
activity yield 
(ug. of P/hr./mg. of N) (%) 
6-6-18-6 — 
96 
95 
81 
65 
1936-2050 82 
3025-4075 66 





lute ethanol at — 20° was added to 33 ml. of the 
aqueous solution to a final concentration of 65% 
(v/v). The preparation was left overnight at — 20 
and then centrifuged at 0—5° for 20 min. at 900g. 
The precipitate was dissolved in 22 ml. of 0-1m- 
sodium hydrogen carbonate, yielding a clear 
colourless solution. The specific activity in the best 
preparation was increased in this procedure from 
738 to 4075. The average yields and specific activity 
for several batches of enzyme are summarized in 
Table 1. 

Actiwwators. (i) Amino acids. Abul-Fadl & King 
(1949) and Mathies (1958) have reported on the 
activation of kidney and intestinal alkaline phos- 
phatase by preliminary incubation with amino 
acids such as alanine and various other compounds. 

Tn our studies, at several stages of purification, 
no increase in alkaline-phosphatase activity could 
be demonstrated by incubation with pt-alanine 
under identical conditions. 

(ii) Metals. Many investigators have reported 
the existence of metal activators for the alkaline 
phosphatases. Qualitative emission spectrographic 
analysis by Mathies (1958) of purified swine-kidney 
alkaline phosphatase revealed the presence of ten 
ions after dialysis of his best preparations. Of these, 
the major metals present in the order listed were 
zine, copper, aluminium and iron. 

As previously reported by Trubowitz et al. (1957), 
incubation of isolated leucocytes with ethylene- 
diaminetetra-acetic acid (EDTA) resulted in 
marked inhibition of alkaline-phosphatase activity. 


Upon addition of zine at a final concentration of 


0-25 mM, phosphatase activity was restored to the 
original value. Mathies (1958) indicated the possi- 
bility that swine-kidney alkaline phosphatase is a 
zine metalloenzyme. He found that dialysis of his 
preparation against EDTA caused an inactivation 
that was accompanied by a proportional loss in 
zinc. Furthermore, a linear relationship was ob- 








Table 2. Change in zinc content with purification 
of leucocyte alkaline phosphatase 


Zine determinations were performed by Dr Carl Tiedke, 
Laboratory of Microchemistry, Teaneck, New Jersey. 


Enzymic 
activity 
Zinc (ug. of P/hr. 
State (ug.-/mg. of N) mg. of N) 
Cells 1-34 16-2 
Acetone-dried powder 5-15 402 
Purified preparation 44-1 4075 


tained between enzyme purity and zine concentra- 
tion. Analysis of our preparations indicated an 
increasing zinc content during purification. Zinc 
content/mg. of enzyme nitrogen in the purified 
preparation was 33 times that found in the homo- 
genized cells. Results are shown in Table 2. Zinc 
was determined by titration with potassium ferro- 
cyanide with diphenylamine as indicator (Scott, 
1939) 

Incubation of a 30-fold purified preparation with 
a final concentration of 0-055 % sodium EDTA in 
water for 1 hr. resulted in 95% loss of activity as 
tested under the usual conditions in the presence of 
mo-Mg?+ ions. The addition of other cations at 
concentrations of 1—100yum restored up to about 
50% of the original activity (Table 3). Higher 
concentrations markedly inhibited the activity in 
both the chelated and unchelated series. Thess 
findings are in direct contrast with the studies with 
leucocytes, where the addition of zinc after 
EDTA-chelation resulted in complete restoration of 
activity (Trubowitz et al. 1957). 

Overnight dialysis of purified enzyme against 
either water or sodium hydrogen carbonate 
(0-1m), at 0—5°, resulted in a loss of a third of the 
total activity. This finding might indicate, as sug- 
gested by Abul-Fadl & King (1949), that there is a 
specific dialysable organic group or groups which 
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Table 3. Effect of metal ions on reactivation of purified leucocyte alkaline phosphatase 
after treatment with ethylenediaminetetra-acetic acid 


Enzyme preparation (1-0 ml.) was preincubated for 1 hr. at 37° with EDTA (sodium salt) at a final concentra- 
tion of 0-055%. For assay of alkaline-phosphatase activity, 4-55 ml. of sodium f-glycerol 2-phosphate (final 
concn. 2 mM), buffered at pH 9-9 with 0-02M-veronal, was mixed with 0-1 ml. of 0-05M-MgCl,, 0-1 ml. of the ion 
being tested and 0-25 ml. of enzyme preparation containing 0-30 mg. of N, and was incubated at 37° for 1 hr. If 
no metal ion was added after chelation, the amount of inorganic phosphorus liberated was 3-0 yg. of P/hr. In all 


cases the chloride salt of the metal was used. 


Conen. of ion (uM) ... ... 100 
(wg. of P/hr.) 


10 ] 
(wg. of P/hr.) (wg. of P/hr.) 


EDTA- Not 


EDTA- Not EDTA- Not 
Metal ion treated treated treated treated treated treated 
Ai§+ 26-0 60-6 24-2 59-8 28-9 62-9 
Mn?* 16-4 59-8 17-5 59-8 22-9 56-8 
Cd?+ 5:8 52-8 6-2 56-6 14-9 62:1 
Ni** 7-9 62-3 12-7 62-4 29-6 62-3 
Cr3+ 24-4 66-8 17-7 63-0 18-5 60-4 
Cu?** 29-1 61-9 22-9 61-2 22-6 66-8 
Fe?+ 16-6 50°5 22-4 67-7 21-6 61-0 
Co?** 22-5 66-5 20-8 63-1 18-7 62-8 
Zn? 2°5 60-0 34-2 61-0 21:5 61-0 





Table 4. Relative specific activity of a 30-fold purified leucocyte alkaline-phosphatase preparation 
on phosphorylated substrates 


The incubation mixture consisted of 4-65 ml. of substrate (final concn. 2 mm) buffered at pH 9-9 with 0-02m- 
veronal, 0-1 ml. of 0-05m-MgCl, and 0-25 ml. of enzyme equivalent to 0-25 mg. of N. Incubation was at 37° for 
1 hr. and enzyme activity was stopped by the addition of 1 ml. of 30% trichloroacetic acid at 5°. 


Phosphorus 

liberated 

Substrate (ug./hr.) 
2:3-Phosphoglyceric acid 1-0 
3-Phosphoglyceric acid 3°6 
Tetrose 4-phosphate 13-0 
Phosphoenolpyruvic acid 13-2 
Sodium f-glycerol 2-phosphate 30-0 
Ribose 5-phosphate 27-8 
Fructose 6-phosphate 9-3 
Mannose 6-phosphate 10-2 
Galactose 6-phosphate 10-2 
Glucose 6-phosphate 16-8 
Glucose 1-phosphate 25-9 
6-Phosphogluconic acid 15-4 
2-Deoxyglucose 6-phosphate 14-9 
Fructose 1:6-diphosphate* 31-7 
Sedoheptulose 7-phosphate 17-5 
Cytidine diphosphocholine 31 


Phosphorus 

liberated 

Substrate (pg-/hr.) 
Adenosine tetraphosphate 51 
Adenosine triphosphate* 6-8 
Adenosine diphosphate 27:0 
5’-Adenosine monophosphate 41-7 
3’-Adenosine monophosphate 32°: 
Uridine triphosphate 10-3 
Uridine diphosphate 31-1 
Uridine monophosphate 41-9 
Guanosine triphosphate 12-5 
Guanosine diphosphate 22-2 
Guanosine monophosphate 30-4 
Cytidine triphosphate 9-2 
Cytidine diphosphate 22-1 
Cytidine monophosphate 31-3 
Thymidine monophosphate 48-0 
Inosine monophosphate 29-2 


* High blanks were obtained. 


are indispensable for activity as well as the specific 
protein and metal. The action of the metal may 
depend upon the presence of such a group. However, 
since the final concentration of protein in our purified 
preparation was very low (0-066 mg. of nitrogen/ml.), 
the observed loss of activity may merely be due to 
lability of the protein in dilute solutions. 

Action on phosphorylated substrates. Table 4 
summarizes the results obtained with the 30-fold- 
purified enzyme incubated with a number of phos- 
phorylated substrates. As can be seen, the pre- 


paration is capable of liberating inorganic phos- 
phorus from a wide variety of substrates including 
nucleotides. The results obtained with the phos- 
phorylated sugars indicate that when the phos- 
phorus is substituted on the end carbon atom, e.g. 
3-phosphoglyceric acid, tetrose 4-phosphate, ribose 
5-phosphate, glucose 6-phosphate and sedoheptu- 
lose 7-phosphate, the length of the carbon chain 
seems to be important. The C, chain is the most 
labile to the action of the enzyme and the series 
runs 3<4<5>6= 7. 
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Since sufficient purified material was not avail- 
able, most of the substrate studies were carried out 
with an acetone preparation which represented a 
30-fold purification of the enzyme. For several of 
the substrates (see Table 5) the ratio of phosphorus 
liberated from the substrate to that liberated from 
sodium f-glycerol 2-phosphate was the same with 
the acetone precipitate or the 250-fold-purified 
enzyme, which was the best preparation obtained. 

Kinetic studies and K,, values. The purified 
enzyme exhibited classical first-order kinetics with 
all substrates used. Sufficient enzyme was not 
available to determine Michaelis constants on all 
substrates, but Table 6 shows the results obtained 
on five substrates. Values were obtained by plots 
of reciprocal velocity/reciprocal substrate concen- 
tration according to the method of Lineweaver & 
Burk (1934). 

Competitive studies. To determine whether the 
phosphatase activity was due to a single enzyme 
or to multiple enzymes, competitive studies were 
undertaken. The action of the purified enzyme on a 
combination of sodium f-glycerol 2-phosphate and 
5’-adenosine monophosphate as well as on sodium 
B-glycerol 2-phosphate and uridine monophosphate 
was compared with the results obtained when the 
enzyme was incubated with each substrate indi- 
vidually. As can be seen in Table 7, liberation of 
phosphate was not additive. 

pH optimum. pH optima were investigated with 
several substrates. Below pH 9, activity fell off 
very rapidly and the optimum pH for all substrates 
was between 9-0 and 9-9. With sodium f-glycerol 
2-phosphate specific activity fell from 1212 at 
pH 9-9 to 48 at pH 7-0 and with 5’-adenosine 
monophosphate from 1742 at pH 9-9 to 156 at 
pH 7-0. In all cases sodium hydroxide—0-02m- 
veronal buffers were employed. 

Physical properties. The physical properties of 
the most purified preparation obtained are now 
being studied. Preliminary ultracentrifugal studies 
indicate the presence of at least two components in 
the preparation, with the heavier component con- 
taining approx. 85 % of the original activity. 


DISCUSSION 


Trubowitz et al. (1957) suggested, from inhibi- 
tion studies with EDTA, the existence of multiple 
alkaline phosphatases in the leucocyte. Meislin, 
Lee & Wasserman (1959) arrived at similar con- 
clusions from a study dealing with the phosphatase 
activity of leucocytes in myeloproliferative dis- 
orders. Follette, Valentine & Reynolds (1959) 
concluded from their studies on the ability of 
leucocytes to split sodium f£-glycerol 2-phosphate 
and 5’-adenosine monophosphate that a single 
enzyme was involved. The data obtained in this 
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Table 5. Comparison of activity of 30-fold-purified 
alkaline phosphatase with 250-fold-purified pre- 
paration 


The incubation mixture consisted of 4-65 ml. of sub- 
strate (final concn. 2 mm) buffered at pH 9-9 with 0-02m- 
veronal, 0-1 ml. of 0-05mM-MgCl, and 0-25 ml. of enzyme 
equivalent to 0:25 mg. of N. Incubation was at 37° for 
1 hr. and enzyme activity was stopped by the addition of 
1 ml. of 30% trichloroacetic acid at 5°. Ratio = yg. of P 
liberated from substrate/yg. of P liberated from f-gly- 
cerol 2-phosphate. 


Ratio 

30-Fold- 

purified 250-Fold- 

acetone purified 

Substrate ppt. preparation 

Fructose 1:6-diphosphate 0-28 0-32 
Glucose 6-phosphate 0-27 0-29 
Fructose 6-phosphate 0-36 0-33 
Glucose 1-phosphate 0-77 0-78 
5’-Adenosine monophosphate 1-39 1-43 


Table 6. Michaelis constants for purified 
leucocyte alkaline phosphatase 


The incubation mixture consisted of 4-65 ml. of sub- 
strate (final concn. 2 mmM-0-024m) buffered at pH 9-9 with 
0-02m-veronal, 0-1 ml. of 0-05m-MgCl, and 0-25 ml. of 
enzyme equivalent to 0-25 mg. of N. Incubation was at 
37° for lhr. and enzyme activity was stopped by the 
addition of 1 ml. of 30 % trichloroacetic acid which had been 
cooled to 5°. 


Substrate K,, (mM) 
5’-Adenosine monophosphate 6-1 
3’-Adenosine monophosphate 7:3 
Sodium f-glycerol 2-phosphate 15-9 
Ribose 5-phosphate 17-5 
Fructose 6-phosphate 20-0 
Glucose 6-phosphate 22-2 


Table 7. Action of alkaline phosphatase 
on mixtures of substrates 


The incubation mixture consisted of 4-65 ml. of substrate 
(final concn. 2 mm) buffered at pH 9-9 with 0-02M-veronal, 
0-1 ml. of 0-05mM-MgCl, and 0-25 ml. of enzyme equivalent 
to 0-25 mg. of N. Incubation was at 37° for 1 hr. and en- 
zyme activity was stopped by the addition of 1 ml. of 30% 
trichloroacetic acid at 5°. When a combination of sub- 
strates was used, each substrate had a final concentration 
of 2 mM. 

P liberated 


(ug./br./mg. 
of enzyme N) 


A 


c 





’ 


60 min. 


Substrate 30 min. 
Sodium f-glycerol 2-phosphate 584 1075 
5’-Adenosine monophosphate 813 1523 
Uridine monophosphate — 1119 
Sodium f-glycerol 2-phosphate + 889 1652 
5’-adenosine monophosphate 
Sodium f-glycerol 2-phosphate + _— 1251 


uridine monophosphate 
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present study also suggest that the activity of the 
leucocyte on a variety of phosphorylated com- 
pounds may reside in a single enzyme although the 
preparation was not homogeneous in the ultra- 
centrifuge. Good correlation was observed for the 
activity of a 30-fold-purified preparation and a 
250-fold-purified enzyme on a number of different 
and representative substrates (see Table 5). 
However, limitation of material precluded further 
comparative assays with a larger number of sub- 
strates, and it may well be that had such a study 
been carried out, differences in activity on some 
substrates might have been detected. Further 
evidence for the existence of a single enzyme was 
furnished by the lack of additive effect when the 
enzyme was allowed to act on mixtures of sub- 
strates (see Table 7). 

The physiological significance of the demon- 
strated action of the enzyme on the nucleotides is 
not clear. The action of the leucocyte alkaline 
phosphatase against the nucleotides may be merely 
an expression of its apparent preference for the C, 
compounds. 

The leucocyte has also been shown to be rich in 
zine and a zinc—protein has been isolated whose 
concentration has been found to be low in leuk- 
aemia and high in infection (Vallee, 1949, 1959). 
These facts are relevant in the light of the data 
obtained in this study, which showed an increase in 
the zinc content of the enzyme with purification. 
Zinc has been shown to be an activator of this 
enzyme and indeed may be an integral part of the 
molecule. Thus the changes observed in the zinc 
concentration of the leucocyte in leukaemia and 
infection may be due, in part, to the corresponding 
changes in the alkaline phosphatase. 


SUMMARY 


1. The isolation and partial purification of the 
alkaline phosphatase of normal human leucocytes 
has been described. A 250-fold purification was 
attained with the best preparation, having a 
specific activity of 4075 ug. of phosphorus/mg. of 
nitrogen/hr. The purified enzyme contained 44-1 pg. 
of zine/mg. of nitrogen. 


2. The less-purified preparation was capable of 
liberating inorganic phosphorus from a _ wide 
variety of substrates, including mono-, di- and tri- 
phosphorylated nucleotides. The monophosphoryl- 
ated nucleotides were apparently most susceptible 
to enzyme attack. Of the sugar intermediates, the 
C,; chain with phosphorus substituted on the end 
carbon atom appeared to be most labile. 

3. The purified enzyme exhibited first-order 
kinetics with the substrates tested and competitive 
data suggest that the liberation of inorganic 
phosphorus may be due to a single enzyme rather 
than to a multiple enzyme system, provided that 
no inhibition occurs. 

4. No specific physiological role can as yet be 
ascribed to the leucocyte alkaline phosphatase. 


We would like to thank Dr Max A. Eisenberg, College of 
Physicians and Surgeons, Columbia University, for his 
most helpful advice and criticism during the course of this 
investigation. This investigation was supported by a grant- 
in-aid from the New York Leukemia Society Inc. 


REFERENCES 


Abul-Fadl, M. A. M. & King, E. J. (1949). Biochem. J. 44, 
435. 

Fiske, C. & Subbarow, Y. (1925). J. biol. Chem. 66, 375. 

Follette, J. H., Valentine, W. W. & Reynolds, J. (1959). 
Blood, 14, 415. 

Koler, R. D., Seaman, A. J., Osgood, E. E. & Vanbellinghen, 
P. (1958). Amer. J. clin. Path. 30, 295. 

Lineweaver, H. & Burk, D. (1934). J. Amer. chem. Soc. 56, 
658. 

Mathies, J. C. (1958). J. biol. Chem. 233, 1121. 

Meislin, A. G., Lee, S. L. & Wasserman, L. R. (1959). 
Cancer, 12, 760. 

Morton, R. K. (1950). Nature, Lond., 166, 1092. 

Scott, W. W. (1939). In Standard Methods of Chemical 
Analysis, vol. 1, p. 1068. Ed. by Furman, N. F. Prince- 
ton, N.J.: Van Nostrand Co. Inc. 

Trubowitz, S., Feldman, D., Benante, C. & Kirman, D. 
(1957). Proc. Soc. exp. Biol., N.Y., 95, 35. 

Valentine, W. W. & Beck, W.S. (1951). J. Lab. clin. Med. 
38, 39. 

Vallee, B. L. (1949). Blood, 4. 398. 

Vallee, B. L. (1959). Physiol. Rev. 39, 443. 

Wachstein, M. J. (1946). J. Lab. clin. Med. 31, 1. 

Williams, M. J. & Mendel, J. L. (1954). Blood, 9, 189. 

Wiltshaw, E. & Moloney, W. C. (1958). Blood, 10, 1120. 





a 





Biochem. J. (1961) 80, 375 


375 


Studies on ‘Orotic Acid Fatty Liver’ 
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The development of fatty liver on feeding orotic 
acid to weanling rats was first reported by Stan- 
derfer & Handler (1955). The increase in fat was 
found to be entirely in the neutral-lipid fraction. 
An increase in liver cholesterol in additicn to the 
neutral-lipid fraction in the rats fed with orotic 
acid has been observed in our laboratory in pre- 
liminary experiments by D. 8. R. Sarma, K. V. 
Rajagopalan and P. 8. Sarma. Choline, methionine 
and vitamin B,., which are known to have a 
pronounced effect on neutral lipid (Best, Channon 
& Ridout, 1934; Best & Ridout, 1936), failed to 
exert their lipotropic action on ‘orotic acid fatty 
liver’ (Standerfer & Handler, 1955). Similarly, 
inositol, which is known to influence amounts of 
cholesterol in rats (McHenry & Patterson, 1944; 
Rajalakshmi, Srinivasan & Sarma, 1960), was also 
found to be ineffective in our preliminary trials. 
This inability of choline as well as of inositol to 
protect the infiltration of fat in the livers of 
orotic acid-fed rats, together with the observations 
of Handschumacher, Creasey, Jaffe, Pasternak & 
Hankin (1960) that only adenine supplementation 
in the diet restored the concentration of liver lipid 
to normal, indicated that ‘orotic acid fatty liver’ 
is entirely different from other types of fatty liver 
so far reported in the literature. 

Though the accumulation of fat in the livers of 
rats fed with orotic acid suggested a direct effect on 
lipid metabolism, yet it also appeared to be due to 
certain alterations in the metabolism of nucleic 
acid, protein and carbohydrate. Since orotic acid 
is @ pyrimidine precursor (Arvidson et al. 1949) it is 
reasonable to expect a primary effect on nucleic 
acid metabolism on feeding orotic acid to animals. 
In the present investigations, the effect of orotic 
acid feeding in rats on nucleic acid, protein and 
carbohydrate contents of the liver was examined. 
To ascertain whether the accumulation of chole- 
sterol was due to increased synthesis, increased 
mobilization or decreased oxidation, the incorpor- 
ation of [1-4C]acetate into liver cholesterol in vivo 
was studied. Also the cholesterol content of the 
plasma, carcass and liver, and the pyridine nucleo- 
tide content of the liver, were determined. 


METHODS 
Animals and diets. Albino rats weighing 45-50 g. were 


divided into different groups of ten, each consisting of five 
male and five females. Rats in group 1 received the basal 


diet of the following composition: sucrose 75%, casein 
18%, salt mixture 5% (Hubbell, Mendel & Wakeman, 
1937), gingelly oil 2%. To each 1 kg. batch of diet were 
added the following vitamin supplements: thiamine hydro- 
chloride 12:5 mg., inositol 250 mg., pyridoxine hydro- 
chloride 12-5 mg., riboflavin 25 mg., calcium pantothenate 
62-5 mg., niacin 250 mg., p-aminobenzoic acid 125 mg., 
vitamin K 12-5 mg., vitamins A and D as Adexolin | ml. 
(Glaxo Laboratories Ltd.). Rats in group 2 received in 
addition to the basal diet 1% of orotic acid (obtained from 
Sigma Chemical Co.). Rats in group 3 received 1-5% of 
orotic acid as a supplement to the basal diet. From the 
third week onwards half of the animals in group 3 received 
0-3 % of adenine (Roche) as an additional supplement and 
these animals constituted group 4. The animals were 
housed in individual cages and were given various diets ad 
libitum for 4 weeks. At the end of the experimental period, 
the animals were killed by decapitation. The liver, plasma 
and carcass were saved for analysis. 

Methods of analysis. Liver lipid was extracted by the 
method of Handler (1948) and that of carcass by the 
method of McHenry & Gavin (1938). Cholesterol was 
determined according to the method of Sperry & Webb 
(1950). The residue which remained after the removal of 
lipid was treated with cold trichloroacetic acid repeatedly 
to remove acid-soluble nucleotides. The trichloroacetic 
acid-treated residue was analysed for adenine by the method 
of Woodhouse (1950), for pyrimidines by the method of 
Soodak, Pircio & Cerecedo (1949), for protein nitrogen by 
direct nesslerization and for glycogen by the anthrone 
method of Carroll, Longley & Roe (1956). The pyridine 
nucleotide content was estimated by fluorimetry as 
described by Carpenter & Kodicek (1950). 


Incorporation of [1-14C]acetate into 
liver cholesterol in vivo 


At the end of the experimental period 100 of sodium 
[1-4C]acetate (obtained from The Radiochemical Centre, 
Amersham, Bucks.) was injected intraperitonially into rats 
of groups 1 and 2. These animals were killed after 4 hr. by 
decapitation and the livers were chilled in ice immediately. 
The cholesterol was isolated as its digitonide by the method 
of Srere, Chaikoff & Dauben (1948). The digitonide was 
cleaved by anhydrous pyridine after purification (Schén- 
heimer & Dam, 1933). Cholesterol was dissolved in per- 
oxide-free ether. A sample was assayed for cholesterol and 
the remainder was plated on an aluminium planchet and its 
radioactivity was determined in a proportional gas-flow 
counter connected to a Berkeley scaler. 


RESULTS 


Results presented in Table 1 show that animals 
in groups 2 and 3 had decreased growth rate. There 
was also a significant increase in liver weight and 
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total lipid. The data in Table 2 summarize the 
effect of orotic acid on cholesterol content of the 
liver, plasma and carcass. The figures show that 
rats in groups 2 and 3 had an enhanced liver 
cholesterol content with a concomitant decrease in 
both plasma and carcass. The inclusion of adenine 
in the diet restored concentrations of plasma and 
carcass cholesterol to normal, though the liver 
cholesterol was not completely reduced. However, 
the liver weight and total lipid values were 
restored to normal. In Table 3 are given the 
results of incorporation of [1-!C]acetate into liver 





Table 1. 
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cholesterol in vivo. It is obvious that there was no 
increase in the incorporation of [!4C]acetate into 
liver cholesterol. There appeared to be a decrease in 
cholesterol synthesis in the livers of rats fed with 
orotic acid. No significant change could be noticed 
in the incorporation of [!4C]Jacetate into the liver 
fatty acids. In Table 4 are presented the data on 
the effect of orotic acid on pyridine nucleotide and 
protein-nitrogen contents of the liver as well as the 
adenine and the pyrimidine (uracil+ cytosine) 
contents of the defatted liver. A marked decrease 
in adenine, protein nitrogen and pyridine nucleo- 


Effect of orotic acid on liver fat of rats 


For details see Methods section. Values are given+8.D. 


Greup Supplement to 
no. the basal diet 
1 Nil 
2 1% of orotic acid 
3 15% of orotic acid 
4 1-5% of orotic acid +0-3% of adenine 


Table 2. 


Average gain in 


weight during the 


experimental Liver total 
period Liver wet wt. lipid 
(g.) (g-) (% wet wt.) 
74-0+6-0 5140-4 8-4+0°3 
64:0 +9-0 78+0°8 21-8+-1-1 
56-0+7-0 8-2+1-4 19-5+1-6 
66-0+-8-0 5-6+0-2 8-9+0-3 


Effect of orotic acid on total cholesterol content of plasma, liver and carcass of rats 


For details see Methods section. Values are given+8.D. 


xroup Supplement to 
no. the basal diet 
1 Basal diet 
2 1% of orotic acid 
3 1-5% of orotic acid 
4 15% of orotic acid + 0-3 % adenine 


Liver Carcass 
Plasma (mg./100 g. (mg./100 g. 
(mg./100 ml.) wet wt.) wet wt.) 
82-9+5-6 314-8+.10-3 333-4 + 15-4 


42-8 46-5 
42-0 4-2-0 
105-8+-3-3 


554-6 + 30-6 
602-9+.17-4 
488-6+ 4-7 


298-7+ 7-4 
255°1+ 15-5 


3242+ 7:8 





Table 3. Incorporation of [#4C]acetate into liver cholesterol in vivo 


Each rat received 10 uc by intraperitoneal injection and was killed after 4 hr. The activity values were corrected 
self-absorption. For further details see Methods section. 


Total counts 
recovered in 


Liver Specific cholesterol 
cholesterol activity of fraction 
Group Supplement to (mg./g. wet wt. cholesterol (counts/min./g. 
no. the basal diet of liver) (counts/min./mg.) of liver) 
1 Nil 2-87 82 236 
2 1% of orotic acid 4:38 18 79 


Table 4. Effect of orotic acid on rat-liver pyridine nucleotides, protein, 
ribonucleic acid, adenine and pyrimidines 


Values are given-+s.D. 


Basal diet 
578+31-0 
14:8+ 0-6 
54:64 2-8 
39+ 0-2 
58+ 1:8 


Total pyridine nucleotides (yg./g. of wet liver) 
Protein nitrogen (% of defatted liver) 

RNA (mg./g. of defatted liver) 

Adenine (mg./g. of defatted liver) 

Uracil + cytosine (mg./g. of defatted liver) 


Basal diet Basal diet 





+ +: 
1% of orotic acid 15% of orotic acid 
350+9-3 = 
10-4+ 1-4 — 
40-3+4-4 26-7+5-2 
3040-3 1-8+0-4 
7042-1 7-0+1-9 


tid 
col 
hig 
tal 
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tides was noticed together with an increase in the 
content of pyrimidines. The glycogen values were 
highly erratic and so have not been included in the 
table. 


DISCUSSION 


Standerfer & Handler (1955) were the first to 
report the accumulation of fat in the livers of 
albino rats fed with orotic acid. The increase was 
mainly in the neutral-lipid fraction. The present 
experiments revealed that orotic acid exerted a 
definite and consistent effect on cholesterol meta- 
bolism. Orotic acid feeding to rats resulted in the 
accumulation of cholesterol in the liver, accom- 
panied by a simultaneous decrease in the concen- 
trations of cholesterol of both plasma and carcass. 
This explains the observation of Fillios & Andrus 
(1960) that orotic acid lowered cholesterol in 
animals fed with uracil. Measurement of the 
incorporation of [1-4C]acetate in vivo showed a 
decrease in cholesterol synthesis in the liver. This is 
in agreement with the general conception that 
liver-cholesterol content determines rate of syn- 
thesis. Beher & Baker (1959) observed decreased 
incorporation of radioactive acetate into liver 
cholesterol in vivo of rats given cholic acids. 
Schade & Saltman (1959) reported similar observa- 
tion in the liver slices of rabbits fed with nicotinic 
acid. Recently Siperstein & Guest (1960) sug- 
gested that cholesterol feeding exerted a ‘feed- 
back’ effect on the conversion of f-hydroxy-f- 
methylglutaryl-coenzyme A into mevalonate. The 
cholesterol accumulation in the liver caused by 
orotic acid feeding in the present set of experi- 
ments appears to have exerted similarly a homeo- 
static effect by depressing cholesterol synthesis. 

The low liver-protein-nitrogen values induced by 
orotic acid feeding may be due either to a decrease 
in the synthesis of protein or to an increase in 
protein catabolism. It is clear from the results in 
Table 4 that the pyrimidine content exceeds the 
adenine content in the ribonucleic acid (RNA) of 
the livers of animals fed with orotic acid. In other 
words, the results indicate a possible alteration in 
purine/pyrimidine ratio in RNA of the livers of 
rats fed with orotic acid. The inclusion of 1% of 
orotic acid, a pyrimidine precursor, in a synthetic 
diet will increase the pyrimidine pool and might 
cause a drain on the available adenine if the 
organism is to maintain a normal purine and 
pyrimidine ratio in the RNA of the liver. This 
might in turn affect the concentration of adenine- 
containing coenzymes and might account for the 
observed fall in pyridine nucleotides. However, a 
fall in the pyridine «ucleotides was observed by 
Dianzani (1955) in choline deficiency. As this 
author found no change in synthesis in vitro of 
diphosphopyridine nucleotide (DPN) through the 
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Kornberg reaction, he explained the decrease as due 
to a displacement of DPN from the cell before the 
onset of fat accumulation. In rats fed with orotic 
acid, the RNA per unit weight of defatted liver 
showed a decrease. The RNA content of the livers of 
rats fed with orotic acid showed an increase if 
expressed on the basis of the weight of the whole 
liver, as was observed by Handschumacher et al. 
(1960). 

The accumulation of cholesterol in the livers of 
rats fed with orotic acid occurs despite its de- 
creased synthesis as revealed by tracer studies. The 
concomitant decrease in carcass and plasma 
suggest that the accumulation of lipid is due to 
increased mobilization from extra-hepatic tissues 
to the liver. Adenine feeding reverses this condi- 
tion. 


SUMMARY 


1. Feeding orotic acid to weanling albino rats 
resulted in the accumulation of cholesterol and 
total lipid in the liver. 

2. The accumulation of cholesterol was not due 
to increased biosynthesis as revealed by the in- 
corporation of [!4C]acetate into liver cholesterol 
im vivo. 

3. The concomitant decrease of cholesterol con- 
centration in plasma as well as in carcass and the 
low pyridine nucleotide content of the liver sug- 
gested that the cholesterol accumulation in liver 
was due to increased mobilization from extra- 
hepatic tissues, with further impairment in its 
metabolism in the liver. 

4. Low concentrations of protein nitrogen and 
ribonucleic acid of the liver further indicated that 
protein and nucleic acid metabolism also could be 
affected by orotic acid. 

5. Supplementation of the diet with adenine 
completely reversed the effects of orotic acid on the 
cholesterol content of plasma, carcass and liver. 

The authors are thankful to the Indian Council of 
Medical Research for financial assistance during the course 
of this investigation. Grateful acknowledgement is made to 
Mr N. V. Raju for determination of carcass and liver 
cholesterol and to Mr P. V. Dakshinamurthy and Mr H. S. 
Srikantiah for their technical assistance. 
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Distribution and Seasonal Variation of alloHydroxy-L-proline 
in Santalum album L. 
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In the course of extensive investigations on the 
occurrence of free amino acids in plants (Radha- 
krishnan, Vaidyanathan & Giri, 1955), the presence 
of high amounts of free hydroxyproline was 
noticed on paper chromatograms of extracts of the 
leaves of sandal, Santalum album L., by Giri, 
Gopalkrishnan, Radhakrishnan & Vaidyanathan 
(1952). This observation led to the isolation of the 
imino acid from leaves of sandal tree by Radha- 
krishnan & Giri (1954), who identified it as allo- 
hydroxy-t-proline. 

The distribution of allohydroxy-t-proline in the 
sandal tree under a variety of conditions and pre- 
liminary results concerning its formation in vivo are 
now given. 


EXPERIMENTAL 


Sampling. For studying the variation of allohydroxy-t- 
proline content in leaves from different trees, branches were 
collected in the morning and the eight pairs of youngest 
leaves were detached from each branch, shredded, dried in 
an oven at 50° for 48 hr. and powdered (100 mesh/in.). 

For distribution studies the branches were obtained as 
before and the pair of leaves at each node was detached 
and mixed with the corresponding leaves from other 
branches. Thus the leaves from the apical nodes of all 
branches were pooled and the sample was designated 


‘Ist node’. Increasing sample number indicates pro- 


* Present address: Hindustan Antibiotics Ltd-, Pimpri, 


India. 
+ Deceased 1958. 


gressively older leaves. The flowers and buds were dried and 
powdered similarly. The fruits were dried and powdered 
after splitting off the pericarp from the seed. The seed was 
defatted with light petroleum (b.p. 40—60°) before analysis. 

The influence of storage upon the allohydroxy-.-proline 
content of leaves was determined by collecting a large 
number of leaves from a healthy sandal tree. Separate 
portions were then kept in a moist chamber under normal 
laboratory conditions of temperature (24-26°) and illumin- 
ation. After 1, 3, 4 and 6 days, the allohydroxy-.-proline 
content of the leaves was determined, before and after 
drying. 

Effect of amino acids on formation of allohydroxy-t- 
proline by leaves of excised branches of sandal. Branches 
containing an equal number of nodes were cut from 
healthy sandal trees, and the excised ends were placed 
immediately in distilled water. Each experimental sample 
contained five branches selected from the main stock. The 
basal ends of the branches were cut to expose fresh surfaces. 
The branches were placed in a sterile solution of the 
appropriate amino acid (200 p.p.m.). A contro] sample was 
placed in water. After 54 hr. the leaves were detached and 
their allohydroxy-u-proline contents were determined 
after drying. All experiments were conducted in triplicate. 

Determination of allohydroxy-L-proline. The method 
followed was essentially that of Neuman & Logan (1950) as 
modified by Martin & Axelrod (1953). Each powdered 
sample (50 mg.) was extracted with aqueous 75% (v/v) 
ethanol (5 ml.) for 15 min. with occasional stirring. After 
centrifuging, the residue was again extracted with 75% 
(v/v) ethanol (5 ml.) and finally washed with 75% (v/v) 
ethanol (1 ml.). The combined ethanol extracts were 
evaporated to dryness over CaCl, in vacuo. The residue was 
extracted with water and after filtration the volume was 
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adjusted to 100 ml. This aqueous extract was free from 
chlorophyll and ethanol. Measured portions (0-5 ml.) of 
each extract were placed in tubes for the estimation of 
ailohydroxy-L-proline. Then 0-5 ml. each of distilled water, 
0-01m-CuSO,, 2-5n-NaOH and 6% H,O, were added in 
that order. The mixtures were shaken intermittently and, 
after exactly 5 min., 0-1 ml. of 0-05m-FeSO, was added to 
each, when they were shaken again until no more O, was 
evolved, usually 10 min. 4N-H,SO, (2 ml.) and 4% (w/v) 
p-dimethylaminobenzaldehyde solution in propan-1-ol 
(1 ml.) were then added, and the tubes were heated at 70° 
for 16min. After cooling, the colour intensities were 
determined in a Klett-Summerson photoelectric colorimeter 
with a 54 filter. Simultaneous additions of CuSO, and 
NaOH and of H,SO, and p-dimethylaminobenzaldehyde as 
suggested by Martin & Axelrod (1953) did not increase the 
colour intensities. In each experiment three known con- 
centrations of hydroxy-.L-proline were also included. 
alloHydroxy-u-proline and hydroxy-t-proline gave identical 
standard curves in this procedure. alloHydroxy-t-proline 
values have been expressed throughout on the basis of dry 
weight. 

Two precautions are essential for ensuring maximum 
sensitivity in hydroxyproline estimation. The final extract 
should be free of ethanol, which decreases the colour yield. 
Ethanol] has been used as a solvent in the preparation of the 
p-dimethylaminobenzaldehyde solution (Waldschmidt- 
Leitz & Akabori, 1934), but the colour obtained with this 
reagent was less than that obtained in the above procedure 
where propan-l-ol was the solvent. It is also necessary to 
destroy H,O, completely before the addition of 4n-H,SO,. 
Pyrrole-2-carboxylic acid is formed from hydroxyproline 
under the assay conditions used (Radhakrishnan & 
Meister, 1957), but the intermediate, 4-hydroxy-A!- 
pyrroline-2-carboxylic acid, formed in this reaction is 
decarboxylated by H,O, at acidic pH values to give 
y-amino-B-hydroxybutyric acid. Pyrrole-2-carboxylic acid 
itself is rather unstable in acid solutions. 

Total N was deiermined by the micro-Kjeldahl pro- 
cedure. 


RESULTS 


Variation in the content of allohydroxy-L-proline in 
leaves. The ‘spike’ disease of sandal, presumably 
caused by viral infection (Sreenivasaya & Gopal- 
aswamy Naidu, 1930), is characterized by spike- 
like and unusually small leaves and shortening of 
the internodes with an enhanced vegetative growth 
resulting in a total inhibition of the reproductive 
phase (Varadaraja Iyengar, 1938). The content of 
allohydroxy-L-proline in leaves from a number of 
spiked and healthy trees located in different parts of 
Mysore State was determined. The analysis of all 
the samples could not be carried out simultan- 
eously, and, in view of the observation made later 
that the content of allohydroxy-t-proline in leaves 
shows large variations depending on the season, 
a strict comparison cannot be made. However, 
when the results are expressed as a percentage of 
allohydroxy-L-proline N to total N, more allo- 
hydroxy-L-proline is present generally in the 
spiked samples (Table 1). 
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Table 1. Variation in the content of allohydroxy- 
L-proline in sandal leaves 


Contents are expressed as g. of N present in allohydroxy- 
L-proline/100 g. of total N. The difference between the 
mean values was found to be highly significant (¢ = 3-37; 
n = 22; P < 0-01). 

alloHydroxy-t-proline 


No. of =k OVO. 

samples Range Mean 
Healthy 9 4-99-15-15 9-37 +3-94* 
Spiked 13 12-20-52-16 21-4+10-9 


* Standard deviation of mean. 





Distribution of allohydroxy-u-proline in the 
sandal tree. The distribution of allohydroxy-.- 
proline in various parts of a healthy tree during the 
preflowering and reproductive periods of growth is 
given in Tables 2 and 3. In the early stages of fruit 
formation the seed contained only traces of allo- 
hydroxy-.-proline, but the content increased during 
ripening of the fruit as is evident from results given 
here. 

Although the amount of allohydroxy-t-proline 
in the wood and bark of the root is rather high on 
a nitrogen basis, it does not constitute a significant 
fraction of the dry weight of the whole plant. 

Seasonal variation in the distribution of allo- 
hydroxy-L-proline in the sandal tree. In view of the 
above results, which indicate a possible seasonal 
variation in the distribution of allohydroxy-t- 
proline in sandal trees, one apparently healthy 
tree and two spiked trees were chosen for detailed 
observation and the hydroxyproline contents in the 
different parts studied between the months of 
March and December. The sandal tree has normally 
two flowering periods in a year, the first around 
March-April and the second in July—August, 
although variations are not uncommon. The trees 
were located in Marigalvali near Bangalore and 
were about 100 yards apart, the healthy tree being 
in the midst of a spiked locality. 

Table 4 reveals the pattern of seasonal changes 
in the content of hydroxyproline. In March the 
highest concentration of allohydroxy-t-proline in 
the healthy tree was present in the flowers and in 
the pericarp of the green fruit, with a very low 
content in the leaves. The content of allohydroxy- 
L-proline in leaves was lowest in May. In June, the 
second preflowering period, the concentration of 
allohydroxy-t-proline in leaves had suddenly in- 
creased. In July, when buds and flowers appeared, 
they contained a high concentration of allo- 
hydroxy-t-proline; the concentration in leaves 
decreased. The formation of green fruit in August 
was accompanied by elevated allohydroxy-t- 
proline content in flowers and in the pericarp of the 
fruit; the amount in leaves was still small. In the 
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Table 2. Nodal distribution of allohydroxy-u-proline in the leaves from a healthy sandal tree 
in the vegetative phase 


alloHydroxy- 
L-proline Total N 
(g./100 g. of (g./100 g. of | dloHydroxy- 
dry plant dry plant L-proline N x 100 
Node no. tissue) tissue) Total N 
1 2-88 3-4 9-05 
24+3 3-12 3-7 9-01 
445 2-56 3-6 7-60 
6+7 2-16 3:3 7:00 
8+9 1-72 3-0 6-14 


Table 3. Distribution of allohydroxy-u-proline in the sandal tree in the reproductive phase 


alloHydroxy- 
L-proline Total N 
(g./100 g. of (g./100 g. of | alloHydroxy- 
dry plant dry plant L-proline N x 100 
Part of the tree tissue) tissue) Total N 
Pericarp of the green fruit 10-64 2-38 47-90 
Flowers 8-00 2-77 30-90 
Root bark 3°80 1-40 29-01 
Root wood 0-48 0-20 25-70 
Young stem 3-20 1-96 17-42 
Leaves: 
Node no. 1 1-20 2-94 4:37 
2+3 1-15 2-87 4-31 
4+5 0-84 2-10 4-28 
6+7 0-76 2-07 3°92 
8+9 0-54 1-96 2-95 
Seed from the green fruit Traces — _- 


Table 4. Seasonal variation in the distribution of allohydroxy-u-proline in healthy 
and spiked sandal trees 


alloHydroxy-t-proline (g./100 g. of dry material) 





J . ‘ 
March May June July August October December 
Healthy 
Leaves* 0-61 0-27 2-4 0-85 0-57 0-61 0-65 
Flower buds — — _- 2-88 — _ — 
Flowers 3°28 _ 2-72 2-48 — _ 
Pericarp of green fruit 6-16 —- -- -— 4-00 3-51 3°12 
Spiked} 
Leaves* 3°3 2-14 2-84 0-97 1-52 2-10 2-54 


* Average value for three pairs of youngest leaves. 
+ One of the two spiked trees under observation succumbed in the second month of this study. 


healthy tree the allohydroxy-t-proline concentra- from the tree), 2-4 and dried fruits that had fallen 
tion of leaves remained fairly constant thereafter from the tree, 1-92. In another experiment, the 
until December. allohydroxy-L-proline content of the pericarp 

In December fruits were collected from the decreased from 2-64 in the green fruit to 1-12 in the 
healthy tree in different stages of ripeness. The ripe ones; correspondingly that of the endosperm 
allohydroxy-L-proline concentrations in the peri- rose from 1-52 to 2-8. These results are very inter- 
carp of the fruits decreased as ripening proceeded, esting in view of the fact that the endosperm con- 


whereas those of the seed increased. A typical set stitutes the reserve food source for the developing , 


of values for allohydroxy-t-proline content (g./ embryo. 
100 g. of dry plant material) of pericarp were: In the spiked tree, the leaves had a uniformly 
green fruit, 3-12; ripe ones, 3-04; dried ones (plucked higher allohydroxy-uL-proline content than those 
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from the healthy tree (except in June and July 
when the content was nearly the same), and the 
seasonal variation was somewhat analogous to that 
mentioned above. Although the content in the 
leaves of the healthy tree remained fairly constant 
during the months August to December, that in the 
spiked leaves showed a slight rise in August, prob- 
ably due to new leaf growth. 

Effect of time of storage on the content of allo- 
hydroxy-L-proline in detached leaves. When freshly 
collected sandal leaves from a healthy tree were 
dried at 50°, an increase in their allohydroxy-t- 
proline content occurred. The allohydroxy-t- 
proline contents of freshly detached leaves kept in 
a moist chamber for 24 hr. at room temperature 
also increased. The effect of keeping detached leaves 
and of drying them after various intervals of time 
on their contents of allohydroxy-t-proline is given 
in Table 5. The content of allohydroxy-t-proline in 
fresh leaves after keeping the leaves for 24 hr. 
showed a 54% increase, and almost the same in- 
crease (59%) was observed in fresh leaves dried at 
50°. When leaves were kept for prolonged periods 
(144 hr.) there was a slight decrease in the content 
of allohydroxy-t-proline and also in total N. 
Pearsall & Billimoria (1937, 1938) have noted 
losses of N in excised daffodil leaves kept under 
different experimental conditions. The synthesis of 
allohydroxy-L-proline in the above case simulates 
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that of proline in rye grass under conditions of wilt- 
ing as observed by Kemble & Macpherson (1954). 
Formation of allohydroxyl-u-proline in sandal. 
The experiments conducted with excised sandal 
branches were designed to study the possible 
precursors utilized for allohydroxy-t-proline syn- 
thesis. The content of allohydroxy-t-proline in the 
leaves was determined after infiltration with the 
amino acid solutions for 54hr. Ornithine and 
glutamic acid produced toxic symptoms after 
24 hr. manifested as a ‘burning’ of the leaf along 
the principal veins and browning of the green twigs. 
The results obtained on branches from two 
healthy trees, one of them bearing fruits and the 
other in the preflowering period, are given in 
Table 6. alloHydroxy-t-proline increased in 
leaves from the tree in the preflowering period when 
ornithine or glutamic acid was supplied. The 
effect of various ornithine concentrations was 
determined in branches taken from the tree during 
the preflowering phase. The results presented in 
Table 7 indicate that the optimum concentration 
was about 125 p.p.m. Although there was a slight 
increase brought about by proline in branches from 
fruit-bearing trees, the results were negative for 
leaves taken at the preflowering stage. Only 
slight changes were observed with solutions of 
other amino acids: y-aminobutyric acid (—6%), 
glutamine (+13 %) and arginine (+2%). 





Table 5. Effect of time of storage at 24-26° on the content of allohydroxy--proline 
in detached leaves of sandal 


After storage, determinations were made on either (a) fresh leaves or (b) leaves dried at 50°. 


(a) Fresh leaves 


alloHydroxy- 


L-proline 


(g./100 g. of 


(b) Dried leaves 











nnn crn ines. on ‘\ 
alloHydroxy- 
L-proline 
alloHydroxy- (g./100 g. of alloHydroxy- 
Time Moisture Total N dry plant _L-proline N x100 arty plant a L-proline N x 100 
(hr.) (%) (% tissue) Total N tissue) Total N 
0 64 2-94 2-0 7:3 3-2 11-6 
24 65 2-77 2-9 11-2 2-9 11-2 
72 62 2-74 2-9 11-2 2-9 11-2 
96 61 2-69 2-8 11-1 2-9 11-2 
144 63 2-66 2-5 10-0 2-6 10-0 





Table 6. Influence of amino acids on the synthesis of allohydroxy-i-proline 
by leaves of excised branches of sandal 


alloHydroxy-L-proline contents were expressed as g./100 g. of dry leaf material. Amino acids were supplied at 


200 p.p.m. Period of infiltration, 54 hr. 


Branches from the tree 
in the vegetative phase 








aa 
alloHydroxy- 
L-proline 
Water 2-08 
L-Proline 2-64 
L-Glutamic acid 1-92 
pL-Ornithine-HBr 2-40 


Branches from the tree 
in the reproductive phase 


% Difference alloHydroxy- % Difference 
over control L-proline over control 
—_— 2-16 —_— 
+27 2-08 —4 
-8 2-84 +31 
+12 3-52 +63 
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Table 7. Effect of concentration of ornithine on syn- 
thesis of allohydroxy-L-proline by leaves of excised 
branches of sandal 

Period of infiltration, 54 hr.; the tree was in the vege- 


tative phase. 
alloHydroxy-.- 





DL-Ornithine- proline Increase over 

HBr (g./100 g. of dry control 
(p-p.m.) leaf material) (%) 
0 2-24 — 
8 2-53 13 
16 3-11 39 
32 3-18 42 
64 3-50 58 
125 3°61 61 
250 3°56 59 
500 2-46 11 

DISCUSSION 


alloHydroxy-u-proline is distributed in all parts 
of the sandal tree, although the concentrations 
present in various organs differ markedly. In the 
preflowering period the content is highest in leaves 
from the apical node when expressed on either a dry 
weight or total nitrogen basis. Flowers and pericarp 
of the green fruit contain exceedingly high amounts 
of free allohydroxy-t-proline and so constitute 
rare examples of excessive accumulation of a free 
amino acid in biological materials. alloHydroxy-t- 
proline tends to accumulate in the apical leaves 
(meristematic regions) of a branch in the vegetative 
phase and in flowers and pericarp of the green fruit 
in the reproductive phase. It is not known 
whether allohydroxy-t-proline is simply trans- 
located from the leaves to the flowers and thence to 
the pericarp or whether it is partly synthesized in 
situ in these parts. 

The allohydroxy-t-proline content of leaves 
from a spiked tree is higher than that of leaves from 
a healthy tree. This may be partly attributed to the 
fact that in spiked trees reproductive mechanisms 
are known to be inhibited and the normal mode of 
transport of allohydroxy-t-proline from the leaves 
to the flowers and fruits does not occur in diseased 
trees. 

Drying of detached leaves at relatively low 
temperatures (50°) or storing them at room 
temperature in a humid chamber causes an increase 
in the content of allohydroxy-t-proline. Since acid 
hydrolysis of fresh or dried leaves did not show any 
marked increase (less than 8%) in total allo- 
hydroxy-t-proline, it is unlikely that the increase 
is due to protein breakdown in the excised leaves. 
Kemble & Macpherson (1954) have observed forma- 
tion of proline in excised rye grass; under conditions 
of ‘moist wilting’, proline was not synthesized, 
indicating that a certain degree of desiccation was 
essential. It is conceivable that the increase in 
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allohydroxy-u-proline is due to synthesis from pre- 
cursors, as yet unrecognized, originally present in 
the leaves. 

Infiltration experiments with dilute solutions of 
amino acids indicated that glutamic acid and 
ornithine were probable precursors of allohydroxy- 
L-proline in the sandal tree. Proline was effective 
only for the tree in the reproductive phase. At the 
present time it is not certain whether the increase in 
the content of allohydroxy-t-proline is due to net 
synthesis from, or to some kind of stimulation by, 
these amino acids. 

There is much information on the interrelation- 
ships between the metabolism of ornithine, argi- 
nine, proline, hydroxyproline, glutamic acid and 
aspartic acid (Stetten, 1949, 1955; Stetten & 
Schoenheimer, 1944). Hydroxy-t-proline is con- 
verted into alanine (Wolf, Heck & Leak, 1956) and 
also into glutamic acid and aspartic acid (Stetten, 
1949); y-hydroxyglutamic y-semialdehyde is a 
possible intermediate in the latter conversion 
(Gianetto & Bouthillier, 1954; Lang & Mayer, 
1953; Adams, Friedman & Goldstone, 1958). By 
analogy with proline synthesis, it is possible that 
the conversion of ornithine into allohydroxy-t- 
proline in sandal proceeds through this inter- 
mediate. An alternative pathway is also indicated 
by the work of Radhakrishnan & Meister (1957), 
who have shown that 4-hydroxy-A!-pyrroline-2- 
carboxylic acid, the keto analogue of hydroxy- 
proline, is formed from  y-hydroxyornithine. 
Another analogous reaction is the formation of 5- 
hydroxypipecolic acid from §$-hydroxy-pD1L-lysine 
(Lindstedt & Lindstedt, 1959). 

The mode of distribution of allohydroxy-t- 
proline in the tree points to an intimate connexion 
with growth, development and perhaps the post- 
fertilization stages of the plant. Kemble & 
Macpherson (1954) suggested that the role of 
proline synthesis during wilting of rye grass is 
probably similar to that usually provided by 
amide formation, and Virtanen & Miettinen (1952) 
regard the occurrence of large amounts of free 
citrulline in alder (Alnus) as a mode of nitrogen 
storage. 

Sanialum album is native to India and allo- 
hydroxy-t-proline has been detected in all the 
samples of sandal, healthy and spiked, examined 
by us. McKee & Urbach (1955) confirmed the 
presence of allohydroxy-L-proline in the Australian 
varieties of Santalum obtusifolium and Santalum 
murrayanam. Other Australian varieties, Santalum 
yassi (Forest Research Lab., Bangalore) and 
Santalum austrocaledonicum (obtained from Dr 


H. S. McKee), were also found to contain free allo- 
hydroxy-t-proline, and the free amino acid com- 
positions of the Australian varieties were similar to 
that of S. album. Since sandal is a root parasite, a 
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number of host plants usually growing close to 
sandal, e.g. Pongamia glabra, Acacia farnesiana, 
Casuarina equisetifolia and Bambusa arundinaceae 
were examined chromatographically for the presence 
of allohydroxy-t-proline. No allohydroxy-u-proline, 
free or combined, was detected, indicating clearly 
that the amino acid was not obtained from the 
haustoria but is a normal constituent of sandal. 
Hydroxy-t-proline was not detected in the free 
amino acid fraction of sandal leaves by the pro- 
cedure of Friedberg (1954) for the chromatographic 
separation of the two isomers of hydroxyproline as 
their copper salts. 

Previously allohydroxy-u-proline was recognized 
in bound form as part of a hexapeptide isolated 
from Amanita phalloides and Agaricus phalloides 
(Wieland & Witkop, 1940). Besides the well- 
known occurrence of hydroxy-t-proline in col- 
lagens and gelatins evidence for its limited distri- 
bution in plant proteins is now available (Steward, 
Thompson & Pollard, 1958; Steward, Bidwell & 
Yemm, 1958), although the presence of allo- 
hydroxy-t-proline in sandal in the free state is 
rather conspicuous. However, significant amounts 
of hydroxy-t-proline are found predominantly in 
proteins of rapidly proliferating tissues, e.g. leaf 
tumours and growing tissue cultures of carrot and 
potato, even when such tissues normally do not 
contain this amino acid. Surprisingly, both hydr- 
oxy-L-proline and allohydroxy-t-proline strongly 
inhibit the growth of carrot explants (Steward, 
Pollard, Patchett & Witkop, 1958). Hydroxy-.- 
proline has been reported to be toxic to the growth 
of tobacco plants (Steinberg, Bowling & McMurtrey, 
1948 ; Steinberg, 1951), of micro-organisms (Robbins 
& Ma, 1945) and even of rats (Womack & Rose, 
1947). The presence of large amounts of allo- 
hydroxy-t-proline as a normal constituent of 
sandal raises the interesting possibility of a 
difference in the metabolic behaviour between the 
two naturally occurring isomers of hydroxyproline. 


SUMMARY 


1. alloHydroxy-u-proline is widely distributed in 
the genus Santalum, existing largely in the free state. 

2. The distribution of allohydroxy-t-proline in 
the sandal tree has been studied in the vegetative 
and reproductive phases of growth. In the former 
stage the imino acid content is highest in the 
apical leaves of any one branch, whereas in the 
latter stage the pericarp of the green fruit contains 
a remarkably high concentration of the free imino 
acid. Buds and flowers also contain large amounts 
of the imino acid. Fruit ripening is accompanied 
by a steady decline in the allohydroxy-.-proline 
content of the pericarp and a concomitant increase 
in that of the seed. 
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3. The seasonal distribution of allohydroxy-t- 
proline in a healthy and in a diseased (‘spiked’) 
tree has been studied. The content in the leaves of 
the spiked tree was uniformly higher than that of 
leaves from the healthy one. The amount of allo- 
hydroxy-L-proline present in healthy leaves 
reached a peak value just before the onset of 
flowering. 

4. Drying of sandal leaves at relatively low 
temperatures (50°) or storing them at room tem- 
perature causes an increase in the content of allo- 
hydroxy-t-proline. The increase is apparently not 
due to protein breakdown. 

5. Preliminary investigations suggest that orni- 
thine and glutamic acid and, under certain condi- 
tions, proline are the likely precursors of allo- 
hydroxy-t-proline in the sandal tree. 


Our thanks are due to Dr M. N. Ramaswamy and Mr 
J. P. Mascarenhas of the Forest Research Laboratory, 
Bangalore, for their help in the collection of samples and to 
Dr H. 8. McKee of the South Pacific Commission for send- 
ing us the Australian varieties of sandal. One of us(A.N.R.) 
was a Government of India Senior Scholar during 1953-55. 
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The large marine gastropod, Charonia lampas 
(Tritonalia sauliae), is known to be a source of 
glucosulphatase (Soda & Hattori, 1933), arylsul- 
phatase (Soda & Egami, 1933), chondrosulphatase 
(Soda & Egami, 1938), myrosulphatase (Ishimoto 
& Yamashina, 1949), 
(Takahashi & Egami, 1960) and steroid sulphatase 
(N. Takahashi & F. Egami, unpublished observa- 
tion). 

Takahashi (19604, b, c) has shown that cellulose 
polysulphate, 


cellulose polysulphatase 


containing glucose residues  sul- 
phated at positions 6 and 2 and/or 3, can be 
degraded to glucose by the combined action of 
cellulose polysulphatase, a polysaccharase and 
glucosulphatase, all of which are present in crude 
extracts of the liver of Charonia. It was suggested 
that cellulose polysulphate was first partially de- 
sulphated by cellulose polysulphatase, ester sul- 
phate bonds at positions 2 and 3 being preferenti- 
ally attacked. Subsequently the polysaccharide 
chain of the partially desulphated product was 
degraded by the polysaccharase to yield glucose 
and glucose monosulphates (principally the 6-0- 
sulphate) and, finally, the glucose monosulphate 
residues were desulphated by glucosulphatase, an 
enzyme which preferentially attacks glucose 6-O- 
sulphate. 

The present work describes the activity of a 
cellulose polysulphatase preparation, from which 
the associated polysaccharase has been removed, 


* Present address: Department of Biophysics and Bio- 
chemistry, Faculty of Science, University of Tokyo, Tokyo, 
Japan. 


towards a number of polysaccharide sulphate 
esters, and provides additional support for the 
suggestions of Takahashi (1960a, b, c). 


MATERIALS AND METHODS 


Enzyme preparation. The cellulose polysulphatase of 
Charonia liver was concentrated and separated from associ- 
ated polysaccharases, by a method based on the procedures 
described by Takahashi (1960a, 6). All operations were 
carried out at 0°. The fresh liver of Charonia (20 g.) was 
macerated in 100 ml. of 0-1mM-sodium acetate—acetic acid 
buffer, pH 6-0. The suspension was centrifuged, and 
sufficient acriflavine was added to the clear supernatant to 
give a final concentration of 1% (w/v). Precipitated 
material was separated by centrifuging and chilled ethanol 
was added (with stirring) to the clear supernatant until 
the concentration of ethanol was 70% (v/v). The resulting 
precipitate was separated by centrifuging and dissolved in 
50 ml. of water. The solution was dialysed overnight and 
insoluble material was removed by centrifuging. Sufficient 
m-sodium acetate—acetic acid buffer, pH 5-2, was added to 
the clear supernatant to give a final buffer concentration of 
0-Olm and 8-0 ml. of the solution (containing 37 mg. of 
protein, as determined by the method of Lowry, Rose- 
brough, Farr & Randall, 1951) was passed through a 
column (0:7cm.2x30cm.) of carboxymethylcellulose 
(approx. 3g. of adsorbent, buffered with 0-01 M-sodium 
acetate—acetic acid buffer, pH 5-2). The column was then 
washed with 100 ml. of the 0-01 m-acetate buffer before 
applying, from a 250 ml. mixing chamber, a buffer gradient 
increasing from 0-01, pH 5-2, to 0-5m, pH 6-0. The flow- 
rate was 2 ml./hr. and the eluate was collected in 5 ml. 
fractions. The enzyme was eluted within the range 0-1- 
0-2m-buffer (cf. Takahashi, 19606) and the appropriate 
fractions were pooled and dialysed against water before 
freeze-drying. The final preparation containe darylsulphat- 
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POLYSACCHARIDE SULPHATASE 


Relative rates of hydrolysis of polysaccharide sulphates by a partially purified preparation 
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of the cellulose polysulphatase of Charonia lampas 


Experimental conditions are given in the text. 


S content of 


potassium Liberated SO,?- (% 
salt —— - aK 
Polysaccharide sulphate (% 2 hr. 3 hr. 4hr 6 br 10 hr. 18 hr. 
Cellulose polysulphate 18-0 18-3 27-8 35-0 48-4 51-5 57-0 
Cellulose sulphate 12-5 ~- 16-7 — 26-1 —_— 31-0 
(enzymically desulphated) 
Cellulose sulphate (acid-hydrolysed) 6-8 — 26-4 — 57:3 _- 98-0 
Charonin sulphate (S-rich fraction) 16-2 16-1 28-6 34:5 49-0 59-0 80-0 
Charonin sulphate (S-poor fraction) 7-6 8: — 12-0 - 13-0 -- 
Dextran polysulphate 17-0* - 6-4 8-2 — 13-7 
Chondroitin sulphate A 4-4* — — 9-8 12-8 — 
Chondroitin sulphate (shark cartilage) 6-0* 4:3 - 8-3 — 10-0 10-4 
Heparin 11-1* 1-4 2-0 — 2-2 - 
Amylose polysulphate 15:8 sg " a a a 0-5 
Glycogen sulphate 10-7 1-2 — 1-6 — 2-9 — 
Glucan sulphate (Busycon) 11-7 — — — —- 3-9 —- 
Jelly-layer of sea-urchin eggs 4:7 — 1-2 — 1-9 = 2-8 
Polysaccharide sulphate of Chondrus sp. 9-8 — 0-9 — 1-2 ~ 1-9 


* § content of Na salt. 


ase (20-fold purification), glucosulphatase (160-fold 
purification) and cellulose polysulphatase (sixfold purifica- 
tion) but was now free from polysaccharases (see Takahashi, 
19605). 

Polysaccharide sulphates. Potassium salts of the poly- 
sulphate esters of cellulose, amylose and glycogen were 
prepared by sulphation of the parent polysaccharides with 
chlorosulphonic acid in the presence of pyridine as de- 
scribed by Traube, Blaser & Lindemann (1932). The S 
content of these and other polysaccharide sulphates are 
recorded in Table 1. 

Potassium cellulose sulphate (S content, 125%) was 
prepared by partial enzymic desulphation of the poly- 
sulphate (S content 18:0%) with the Charonia cellulose 
polysulphatase preparation as described by Takahashi 
(1960c). Potassium cellulose polysulphate (15 mg.) was 
incubated at 37° for 20 hr. with 5 ml. of the enzyme pre- 
paration and a few drops of chloroform, the whole being 
adjusted to pH 6-0 with 0-1m-sodium acetate-acetic acid 
buffer, pH 6-0. The reaction mixture was then boiled and 
centrifuged and the clear supernatant thoroughly dialysed 
before freeze-drying. 

Potassium cellulose sulphate (S content 6-8%) was pre- 
pared by hydrolysis of 300 mg. of potassium cellulose poly- 
sulphate with 30 ml. of 0-1N-H,SO, for 30 min. at 100°. 
The reaction mixture was then neutralized with BaCO,, 
precipitated material was removed by centrifuging and the 
clear supernatant thoroughly dialysed before freeze-drying. 

The potassium salts of charonin sulphate (S-rich fraction) 
and charonin sulphate (S-poor fraction) were prepared from 
the mucous gland of Charonia by the method of Egami 
et al. (1955). 

Sodium dextranpolysulphate, a synthetic anticoagulant, 
was a gift from Dr Sasaki, Nagoya University (see Sasaki, 
Takemoto & Oka, 1957). Sodium chondroitin sulphate (of 
mammalian origin and consisting mainly of chondroitin 
sulphate A) was purchased from Sigma Chemical Co., St 
Louis, Mo., U.S.A. Shark-cartilage sodium chondroitin 
sulphate was a gift from Seikagaku-Kenkyusho Ltd., 
Japan. The sodium salt of heparin was purchased from 
N. V. Organon-Oss, Holland. Glucan sulphate, extracted 


25 





from the odontophore of a marine snail, Busycon canicu- 
latum, was kindly supplied by Dr M. W. Whitehouse, 
Oxford University (see Lash & Whitehouse, 1960). Fucan 
sulphate from the jelly-layer of sea-urchin (Hemicentrotus 
pulcherrimus) eggs was prepared by the method of Nakano 
& Ohashi (1953). Polysaccharide sulphate (composed 
mainly of sulphated galactose and fructose residues) from 
a seaweed (Chondrus sp.) was supplied by Dr T. Mori, 
University of Tokyo (see Mori & Tsuchiya, 1938). 

Measurements of enzyme action. Cellulose-polysulphatase 
activity was followed by estimating liberated SO,?-. The 
enzyme preparation (0-5 ml. of a solution of suitable con- 
centration in water) was incubated at 37° with 0-5 ml. of 
0-1m-sodium acetate—acetic acid buffer, pH 6-0, containing 
3-12 mg. (=about 500 yg. of S) of the polysaccharide sul- 
phate and a few drops of chloroform. The incubated 
mixture was mixed with 2 ml. of an aqueous 1% (w/v) 
solution of acriflavine. Precipitated polysaccharide sulphate 
was removed by centrifuging and a portion (2 ml.) of 
the clear supernatant was withdrawn for determination 
of inorganic SO,?- as described by Dodgson & Spencer 
(1953). The results are given in Table 1. Routine assay of 
cellulose polysulphatase was made with potassium cellulose 
polysulphate (S content 18-0%) as substrate. 

Polysaccharase activity was determined, under similar 
experimental conditions, by estimating reducing power by 
the method of Somogyi (1945) after deproteinization of the 
incubation mixture with zinc hydroxide gel. 


DISCUSSION 


Table 1 records the relative rates of hydrolysis of 
the various polysaccharide sulphates by the same 
concentration of enzyme. Glucan polysulphates 
with f-1>4-glycosidic linkages such as cellulose 
polysulphate and charonin sulphate (S-rich frac- 
tion) were rapidly desulphated by the enzyme pre- 
paration, justifying the name ‘cellulose polysul- 
phatase’ proposed by Takahashi & Egami (1960), 
and suggesting that charonin sulphate, which is 
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present in considerable amounts in the mucous 
gland of Charonia, can be regarded as one of the 
natural substrates of the enzyme. 

Concerning the effect of the position of sulphate 
bond, Takahashi (1960c) suggested that cellulose 
polysulphatase preferentially attacks ester bonds 
at the 2- and 3-positions, and glucosulphatase 
attacks preferentially 6-position ester bonds. The 
slow hydrolysis of enzymically desulphated cellu- 
lose sulphate may be explained by the relative 
resistance of 6-sulphate ester to the enzyme. The 
rapid hydrolysis of acid-hydrolysed cellulose 
sulphate cannot be yet explained. Possible explana- 
tions are that acid hydrolysis splits preferentially 
6-ester bonds resistant to cellulose polysulphatase, 
or that the molecule has undergone some degree of 
depolymerization enabling it to be attacked by 
both cellulose polysulphatase and glucosulphatase. 

The greater rate of hydrolysis of charonin sul- 
phate (S-rich fraction) as compared with charonin 
sulphate (S-poor fraction) can be attributed to the 
difference in structure of the polysaccharide part. 
The former consists essentially of a f-glucosidic 
cellulose-like structure, whereas the latter possesses 
both «- and £-glucosidic bonds (Egami et al. 1955; 
Nakanishi, Takahashi & Egami, 1956). 

Chondroitin sulphate A and _ shark-cartilage 
chondroitin sulphate were also hydrolysed by the 
enzyme preparation, although only at about one- 
fifth of the rate of cellulose polysulphate. However, 
the relative rates of hydrolysis of cellulose poly- 
sulphate and chondroitin sulphate has varied 
appreciably with different enzyme preparations 
(three different preparations gave ratios of cellulose 
polysulphate hydrolysis/shark chondroitin sul- 
phate hydrolysis 1:0-03, 1:0-06 and 1:0-33). We 
suggest that a chondrosulphatase is responsible for 
the desulphation of chondroitin sulphate and that, 
whereas cellulose polysulphatase is a constitutive 
enzyme, chondrosulphatase is an induced enzyme 
whose concentration in the tissues depends upon 
the nutritional state of Charonia. 

The stability of the glucan sulphate of Busycon 
towards the enzyme preparation was surprising. 
This sulphate is a natural product of an organism 
closely related to Charonia and is considered to 
have a cellulose-type of structure (M. W. White- 
house, personal communication). A possible ex- 
planation is that sulphate is attached almost 
exclusively to the 6-position of the glucose residue 
in this compound. 

Only dextran polysulphate of all the other sub- 
strates tested was appreciably hydrolysed by the 
enzyme preparation. It remains to be elucidated 
whether cellulose polysulphatase is the responsible 
enzyme or whether the enzyme preparation: con- 
tains a second polysaccharide polysulphatase, 


specific for «-1 + 6-glucans. 
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The comparative stability of the remaining 
polysaccharide sulphates to the enzyme prepara- 
tion does not exclude the possibility that these 
compounds might be hydrolysed by glucosulphat- 
ase after depolymerization of the polysaccharide 
chain. 


SUMMARY 


1. The enzymic desulphation of various syn- 
thetic and naturally occurring polysaccharide 
sulphates by a partially purified sulphatase pre- 
paration from a marine gastropod Charonia lampas 
has been studied. 

2. Cellulose polysulphate and charonin sulphate 
were rapidly desulphated by the cellulose poly- 
sulphatase of the enzyme preparation. Heparin, 
amylose polysulphate, glycogen sulphate and poly- 
saccharide sulphates from a seaweed (Chondrus 
sp.), from sea-urchin eggs and from the marine 
gastropod Busycon were hardly affected. 

3. Chondroitin sulphate and dextran sulphate 
were slowly desulphated but hydrolysis of the 
former can probably be attributed to the presence 
of chondrosulphatase in the enzyme preparation. 


The authors wish to express their thanks to Dr K. § 
Dodgson for useful suggestions during the course of this 
work and for the revision of the manuscript. Part of the 
expense of this work was defrayed by a grant from the 
Ministry of Education of Japan and from Seikagaku- 
Kenkyusho Ltd. Some of the experiments were carried out 
in the Marine Biological Institute of Nagoya University. 
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The Structure of Dermocybin 
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(Received 3 February 1961) 


The pigments of Cortinarius (Dermocybe) san- 
guineus (Wulf ex Fr.) Fr. were first investigated by 
Kégl & Postowsky (1925). From the dried sporo- 
phores they obtained two crystalline anthra- 
quinone derivatives, frangula-emodin (4:5:7-tri- 
hydroxy-2-methylanthraquinone) and a new pig- 
ment, dermocybin, the structure of which was 
only partly determined. 

The fungus is normally of infrequent occurrence, 
only a few scattered specimens being encountered 
in the woods of the Home Counties. However, in 
the autumn of 1946, 240g. of fresh sporophores 
were easily collected in Mad Bess Wood, Ruislip, 
Middlesex. From these we extracted the pigments 
and put the material aside hoping to collect 
similar crops in later years and thus to accumulate 
sufficient material to continue the study of Kégl & 
Postowsky (1925) on dermocybin. In subsequent 
years, however, only a few specimens of the fungus 
were collected until 1951, when 160 g. of the fresh 
fungus was obtained. After laborious extraction 
and purification of the pigments a total of about 
0-6 g. of dermocybin was available. Since accumu- 
lation of enough of the material for degradative 
studies appeared too slow, it was decided to 
approach the probiem of the structure of dermo- 
cybin mainly by synthetic methods. A preliminary 
account of this work has been presented (Birkin- 
shaw & Gourlay, 1961). 

The properties of dermocybin as determined by 
Kégl & Postowsky (1925) may be summarized as 


follows. Dermocybin forms red prisms or needles of 


m.p. 228-229°, empirical formula C,,H,,0,. Zine- 
dust micro-distillation affords B-methylanthracene. 
The pigment contains four hydroxyl groups that 
can be acetylated and one methoxyl group, the 
other two oxygen atoms participating in a quinone 
structure. Demethylation gives nordermocybin, 
C,;H,90,, small red rhombic crystals, m.p. 289°. 
This led the authors to formulate dermocybin as 
a tetrahydroxymethoxy-f-methylanthraquinone. 
On their evidence, however, it could equally well 
be a trihydroxymethoxy-f-hydroxymethylanthra- 
quinone. We were able to resolve this doubt in 
favour of Kégl & Postowsky’s assumption by a 
carbon-methyl determination. One C-methyl 


group was found to be present in the molecule. 
The evidence available for the orientation of the 
hydroxyl groups of nordermocybin is as follows: 


(1) Many fungal anthraquinones are derivatives 
of emodin. The occurrence of both dermocybin and 
emodin as metabolites of the same fungus suggests 
a dihydroxyemodin structure for nordermocybin, 
as pointed out by Kégl & Postowsky. 

(2) In studies of the visible and ultraviolet- 
absorption spectra of polyhydroxyanthraquinones, 
Briggs, Nicholls & Paterson (1952) and Birkinshaw 
(1955) found that the position of the major band in 
the visible region (group B) was considerably 
affected by the number of free «-hydroxyl groups 
in the anthraquinone molecule. The presence of the 
principal absorption maximum in group B at about 
490 mp is indicative of three «-hydroxyl groups 
[ef. islandicin, helminthosporin and catenarin 
(Birkinshaw, 1955)]. In emodin, with two «- 
hydroxyl groups, the maximum occurs at 437 my 
and in cynodontin with four «-hydroxyl groups 
the principal maximum is at 558 my. In dermo- 
cybin and nordermocybin the principal maxima 
of group B are at 486my. Hence it may be 
inferred that dermocybin and nordermocybin each 
have three and not more than three «-hydroxy] 
groups. 

(3) This assessment was confirmed by limited 
(short-time) acetylation (with acetic anhydride) 
and methylation (with diazomethane) of dermo- 
cybin and nordermocybin. Under these mild con- 
ditions only the free f-hydroxyl groups of the 
anthraquinone molecule react, the «-hydroxyl 
groups being to some extent protected by chela- 
tion. Dermocybin, when boiled for 1 min. with 
acetic anhydride, gave a monoacetyl derivative 
which had an absorption spectrum consistent 
with its still possessing three «-hydroxyl groups, 
since the principal maximum in the visible spec- 
trum was at 485 my. Further boiling (9 min.) of 
the reaction mixture produced the tetra-acetyl 
derivative obtained by Kégl & Postowsky. When 
suspended in acetone and treated with an ethereal 
solution of diazomethane for 30min. at room 
temperature, dermocybin afforded a monomethy] 
derivative. 

Nordermocybin under similar short-time condi- 
tions afforded a diacetyl and a dimethyl derivative. 
Further acetylation of the diacetylnordermocybin 
yielded a penta-acetyl derivative. The dimethyl 
derivative of nordermocybin was identical with the 
monomethyl derivative of dermocybin. These 
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results indicated that dermocybin has one free B- 
hydroxyl group and three a-hydroxyl groups, 
whereas nordermocybin has two f- and three «- 
hydroxyl groups. It is evident that one of the two 
f-hydroxyl groups present in nordermocybin is 
methylated in dermocybin. 

With this information available it was decided to 
attempt the synthesis of nordermocybin. The 
possible structures derivable from emodin (struc- 
ture I) by the insertion of one «- and one f- 
hydroxyl] group are structures (II)—(V) since there 
are two vacant «-positions (1 and 8) and two vacant 
B-positions (3 and 6) in the emodin molecule. 

The first stage of the synthesis of 1:4:5:6:7-penta- 
hydroxy-2-methylanthraquinone (III) was at- 
tained by condensing 3:4:5-trimethoxyphthalic an- 
hydride with m-cresol in the presence of AIC], to 
2-(2 -hydroxy-4 - methylbenzoy]l)-3:4:5-trimethoxy- 
benzoic acid. The method of linkage was established 
by decarboxylation and oxidation of the product; 
this afforded 2:3:4-trimethoxybenzoic acid. The 
potential carboxyl group next to the methoxyl 
group of the 3:4:5-trimethoxyphthalic anhydride 
had evidently condensed with the m-cresol, the 
point of attachment being assumed to be ortho to 
the hydroxyl group. There is good precedent for 
this in the literature; also a para attachment at this 





(VII) 
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stage would preclude para oxidation in the sub- 
sequent Elbs reaction. 

As a by-product of the decarboxylation a sub- 
stance of m.p. 152° and empirical formula C,,H,,0, 
with only two methoxyl groups was obtained. This 
must from its formula and absorption spectrum 
have the structure 5:6-dimethoxy-3-methylxan- 
thone (VI) and its formation with elimination of 
methanol is additional evidence that the primary 
linkage between the two aromatic rings to form the 
benzoylbenzoic acid has occurred through the 
potential carboxyl group adjacent to a methoxyl 
group in the substituted phthalic anhydride. It is 


also confirmation that the point of attachment in > 


the m-cresol ring is ortho to the hydroxyl group. 
The ready elimination of methanol by 2-hydroxy- 
2’-methoxybenzophenones to give xanthones under 
very mild basic conditions was observed by 
McMaster, Scott & Trippett (1960). 

Oxidation of the substituted benzoylbenzoic acid 
with potassium persulphate (the Elbs reaction) 
followed by ring closure and demethylation with 
cone. sulphuric acid at 150° gave 1:4:5:6:7-penta- 
hydroxy-2-methylanthraquinone (III), m.p. 298- 
300°. Although the absorption spectrum of the 
synthetic material bears a close resemblance to 
that of nordermocybin the two are not identical. 


2 
40.07 oe \o.cH, 
R is < ys ZA R2 

HO 0 OH 
(II) R'=R*=OH, R*=R4‘—H 
(III) R'=R*=OH, R*=R‘=H 


(IV) R?=R4=0H, R'=R*=H 
(V) R3=R‘*=OH, R'=—R*=H 


Possible structures considered 
for nordermocybin. 


(V ultimately proved correct.) 


Alternative structures for dermocybin. 
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Further, the synthetic substance affords a pure 
blue colour with conc. sulphuric acid in contrast 
with the deep amethyst given by nordermocybin. 

In view of the similarity in absorption spectra 
the closely related compound 1:4:6:7:8-penta- 
hydroxy-2-methylanthraquinone, although not a 
derivative of emodin, was synthesized by the 
same sequence of reactions from 3:4:5-trimethoxy- 
phthalic anhydride and o-cresol. The product had 
m.p. 328-331° and an absorption spectrum almost 
identical with that of the 1:4:5:6:7-isomer (ITT) and 
hence differing slightly from that of nordermo- 
cybin. It gave a violet colour reaction with sul- 
phuric acid. 

In the final condensation in the presence of 
sulphuric acid in the synthesis of these two penta- 
hydroxymethylanthraquinones, the possibility of a 
Hayashi (1927) rearrangement having occurred 
was considered, but was rejected on the following 
grounds. The presumed 1:4:5:6:7-pentahydroxy-2- 
methylanthraquinone was heated with hydrogen 
iodide and red phosphorus. The product was oxid- 
ized to convert any anthrone or anthranol into 
anthraquinone. The only anthraquinone which 
could be isolated was emodin. Assuming no migra- 
tion of hydroxyl groups during the reduction, the 
parent substance must be 1:4:5:6:7-pentahydroxy- 
2-methylanthraquinone and not the 1:4:6:7:8- 
isomer. 

Of substances (II), (IV) and (V) it appeared that 
the 4:5:6:7:8-isomer (V) would have a spectrum 
most closely resembling that of the 1:4:5:6:7-isomer 
(III). The starting materials for the synthesis of the 
4:5:6:7:8-isomer (V) were 1:2-dihydroxy-3:4-di- 
methoxybenzene (Baker & Jukes, 1934) and 3- 
methoxy-5-methylphthalic anhydride (Raistrick, 
Robinson & Todd, 1933). Considerable difficulty 
was experienced in effecting condensation between 
the two moieties. Since 3-methoxy-5-methyl- 
phthalic anhydride was not readily available, pre- 
liminary experiments were carried out with the 
more accessible 3-hydroxyphthalic anhydride in 
order to determine suitable reaction conditions. 
A successful synthesis, although in small yield, was 
achieved by using a fusion mixture of aluminium 
chloride-sodium chloride as primary condensing 
agent and treating the product with conc. sul- 
phuric acid. Demethylation occurred and 4:5:6:7:8- 
pentahydroxyanthraquinone, m.p. 343°, was iso- 
lated. The absorption spectrum and colour re- 
actions of this compound are almost identical with 
those given by nordermocybin. Since the intro- 
duction of the 2-methyl group would be expected 
to have little effect on the spectrum this evidence 
strongly supported structure (V) for nordermo- 
cybin. The condensation was therefore repeated 
with the substitution of 3-methoxy-5-methyl- 
phthalic anhydride for 3-hydroxyphthalic an- 
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hydride, giving 4:5:6:7:8-pentahydroxy-2-methyl- 
anthraquinone (V). This compound agrees in all 
its properties with nordermocybin. 

Since we have already shown that in dermo- 
cybin one of the B-hydroxyl groups of nordermo- 
cybin is methylated, dermocybin must be 4:5:7:8- 
tetrahydroxy- 6 -methoxy- 2 -methylanthraquinone 
(VIT) or 4:5:6:8-tetrahydroxy-7-methoxy-2-methy]- 
anthraquinone (VIII). Nomethod ofsynthesis has so 
far been devised which would differentiate between 
the 6- and the 7-position for the methoxyl group. 

A point of interest in the structure of dermo- 
cybin is the very unequal distribution of nuclear 
hydroxy] or potential hydroxyl groups between the 
two aromatic rings. One ring possesses four and 
the other only one oxygen function, a difference of 
three. In all the fungal anthraquinones of known 
structure, with one exception, the discrepancy 
between the two rings is not more than one oxygen 
function. The exception is boletol, to which the 
structure 5- (or 8-)carboxy-1:2:4-trihydroxyanthra- 
quinone has been assigned (Kégl & Deijs, 1935). 
Boletol thus shows a difference of three hydroxy! 
groups between the two aromatic rings. It is a 
product of Boletus spp. and hence like dermocybin 
is a metabolite of a higher fungus. 

It is known that emodin, which may be regarded 
as the type structure for many of the fungal 
anthraquinones, is biosynthesized from acetate 
units (Gatenbeck, 1958). Since the dermocybin 
structure can be derived from emodin by the 
insertion of two further hydroxyl groups in ortho 
positions to those already present in the emodin 
molecule, together with O-methylation of one 
hydroxyl group, it appears probable that dermo- 
cybin is also biosynthesized from acetate units, the 
insertion of the O-methyl group requiring in addition 
a C, unit. 


tX PERIMENTAL 


The C and H determinations were made by Dr A. 
Schoeller. All melting points are uncorrected. The light- 
absorption values of the various derivatives and synthetic 
products, where not given below, are recorded in Table 1. 

Isolation of dermocybin and emodin. Freshly gathered 
sporophores (170 g.) of Cortinarius (Dermocybe) sanguineus 
(Wulf ex Fr.) Fr. were exhaustively extracted with cold 
methanol (4°75 1.) in small portions. The filtered extract 
was evaporated under reduced pressure and the residue 
was taken up in aq. 3% NH, soln. (500 ml.) and acidified 
with HCl. A preliminary separation of the precipitated 
material into dermocybin and emodin fractions was 
achieved, as by Kégl & Postowsky (1925), by dissolution in 
pyridine, dilution with water and filtration from the pre- 
cipitate (dermocybin fraction), followed by acidification of 
the filtrate (emodin fraction). These fractions were, how- 
ever, still far from pure and were further fractionated by a 
series of crystallizations from acetic acid—ethanol. The 
final products consisted of dermocybin 0-29 g., m.p. 225— 
226°, and emodin 0-18 g., m.p. 255-256°. The identities of 


390 J. H. BIRKINSHAW 


these products were confirmed by conversion into the fully 
acetylated derivatives, and, for emodin, by m.p. determin- 
ations on admixture with authentic specimens. 

The properties of dermocybin were in agreement with 
those described by Kégl & Postowsky (Found C-Me, 5-8. 
C,,H,,0, requires C-Me, 4:75%). 


Derivatives 


Monomethyldermocybin. Dermocybin (20 mg.) was mixed 
with acetone (2 ml.) and an ethereal solution of diazo- 
methane (20 ml. from 0-15 g. of nitrosomethylurea) was 
added. The dermocybin dissolved giving a light-orange 
solution. After 30 min. at room temperature the solution 
was filtered from a small amount of dark-red solid and the 
solvent was evaporated. The bright-red residue was dis- 
solved by refluxing in the minimum amount of ethanol and 
the solution was chilled. The crystals (11-4 mg.) after 
recrystallization from ethanol afforded red needles of 
monomethyldermocybin, m.p. 159-160° (Found, on material 
dried in vacuo at 100°: C, 61-7; H, 4-4; OMe, 19-1. C,,H,,0, 
requires C, 61-8; H, 4-3; 2 OMe, 18-8%). 

Monoacetyldermocybin. Dermocybin (20 mg.) was added 
to acetic anhydride (1-5 ml.), and the mixture was heated to 
beiling under reflux, when solution occurred, and boiled for 
Imin. Bright-red needles of monoacetyldermocybin 
(15 mg.), m.p. 228-230°, crystallized on cooling. Mixed 
m.p. with dermocybin (m.p. 226—228°) gave a depression of 
32° (Found, on material dried in vacuo at 100°: C, 60-2; 
H, 4-0; OMe, 8-7; acetyl, 10-3. C,,H,,O, requires C, 60-3; 
H, 3-9; OMe, 8-7; acetyl, 12-0%). 

Tetra-acetyldermocybin. The mother liquors from the 
preparation of monoacetyldermocybin were refluxed for a 
further 9 min. and the orange solution was poured into 
water. After recrystallization of the product from meth- 
anol, rosettes of yellow needles (4-6 mg.), m.p. 179-181°, 
were obtained. The product showed no depression in m.p. 
when mixed with tetra-acetyldermocybin prepared accord- 
ing to Kégl & Postowsky (1925). 

Dimethylnordermocybin. Nordermocybin (10-0 mg.) pre- 
pared by the method of Kégl & Postowsky from dermo- 
cybin, was treated with an ethereal solution of diazo- 
methane (from nitrosomethylurea, 0-075 g.). After 30 min. 
at room temperature the solvent was evaporated and the 
residue was crystallized twice from methanol, giving 
bright-red needles of dimethylnordermocybin, m.p. 159- 
160°, undepressed when mixed with a sample of mono- 
methyldermocybin. The absorption spectra of these two 
products were also in agreement (cf. Table 1). 

Diacetylnordermocybin. Nordermocybin (40-0 mg.) was 
boiled in acetic anhydride (2-5 ml.) for 1 min. The orange 
needles separating on cooling were recrystallized from 
methanol to give needles (14-0 mg.) of diacetylnordermo- 
cybin, m.p. 234° (Found, on sample dried in vacuo at 100°: 
C, 59-5; H, 3-6; acetyl, 20-0. C,,H,,0, requires C, 59-1; 
H, 3-6; 2 acetyl, 22-3%). The acetic anhydride mother 
liquors were boiled for a further 9 min. and the solution was 
cooled and poured into water. The precipitate crystallized 
from methanol in yellowneedles, m.p. 196—197°, undepressed 
when mixed with a sample of penta-acetylnordermocybin 
prepared as described below. 

Penta-acetylnordermocybin. Nordermocybin (40 mg.) was 
heated at 90° for 10 min. with acetic anhydride (5 ml.) 
containing conc. H,SO, (0-1 ml.). The solution was cooled 
and poured into water. The yellow precipitate after two 
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recrystallizations from methanol afforded penta-acetyl- 
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nordermocybin as pale-yellow needles (21 mg.), m.p. 197- 
198° (Found, on material dried in vacuo at 100°: C, 58-7; 
H, 4:0; acetyl, 40-0. C,;H. 0,2 requires C, 58-9; H, 4-0; 
5 acetyl, 42-0%). 

Syntheses 

2-(2- Hydroxy - 4 - methylbenzoyl) -3:4:5 - trimethoxybenzoic 
acid. 3:4:5-Trimethoxyphthalic anhydride (10-75 g.) was 
dissolved in m-cresol (64 ml.). Powdered anhydrous AICI, 
(21-75 g.) was added with slight cooling and the mixture 
kept for 2 hr. The deep-red solution was then heated at 
70-75° for 7 hr., cooled and poured into 2N-HCl (100 ml.) 
containing ice (50 g.). The excess of m-cresol was removed 
by steam-distillation and, after cooling, the residual solid 
after the supernatant had been decanted was dissolved in 
n-NaOH (200 ml.). To precipitate the phthalein formed as 
by-product CO, was passed through the solution. Acidifica- 
tion of the filtrate afforded red resinous material (5-6 g.), 
which was collected, washed with ether and recrystallized 
from methanol-water. 2-(2- Hydroxy -4-methylbenzoyl)- 
3:4:5-trimethoxybenzoic acid was thus obtained as yellow 
crystals (3-5 g.), m.p. 205-207° (Found: C, 62-4; H, 5-1; 
OMe, 26-7. C,,H,,0, requires C, 62-5; H, 5-2; 3 OMe, 
26-9 %). 

Decarboxylation of 2-(2-hydroxy-4-methylbenzoyl)-3:4:5- 
trimethoxybenzoic acid. The benzoylbenzoic acid (2-5 g.) was 
dissolved in quinoline (25 ml.) and heated with copper 
chromite (0-80 g.) at 180-190° in a current of N,. The 
effluent gases were bubbled through standard aq. Ba(OH),. 
The reaction, as measured by CO, evolution, was 70% 
complete in 3 hr., at which stage it was stopped. The cooled 
solution was poured into 2N-HCl (250 mi.) and the mixture 
was extracted with ether. The ether solution was washed 
with ag. NaHCO, and water, dried with anhydrous Na,SO,, 
evaporated to 10 ml. and chilled. Recrystallization of the 
product separating afforded straw-coloured needles 
(0-40 g.), m.p. 152°, of 5:6-dimethoxy-3-methylxanthone 
(Found: C, 71-1, H, 5-0; OMe, 22-8, 23-1. C,,H,,0,4 requires 
C, 71-1; H, 5-2; 2 OMe, 23-0%). The substance dissolved in 
H,SO, with production of a bright-yellow colour. Light- 
absorption in ethanol: 4, 239, 263, 305 my; log « 4-66, 
4-08, 4-19 respectively. 

The ether mother liquor from the decarboxylation 
afforded a gum which later crystallized. Trituration with 
methanol gave a solid (0-67 g.) which on recrystallization 
from methanol—water afforded colourless needles (0-59 g.) 
of 2-hydroxy-2’:3’:4’-trimethoxy-4-methylbenzophenone, m.p. 
96-98°, raised to 101° on further recrystallization (Found, 
on sample dried in vacuo at 60°: C, 67-9; H, 6-0; OMe, 
30-45. C,,H,,0; requires C, 67-55; H, 6-0; 3 OMe, 30-8%). 

Oxidation of 2-hydroxy-2’:3’:4’-trimethoxy-4-methylbenzo- 
phenone with potassium permanganate. The benzophenone 
(0-59 g.) was dissolved in acetone (50 ml.), and KMn0O, 
(2-0 g.) was added in portions initially at room temperature, 
later with heating under reflux. The MnO, was filtered off, 
washed with acetone, dried and suspended in 2n-H,SO, 
(20 ml.). It was dissolved by passage of SO,. The solution 
was extracted with ether, and thus afforded a yellow oil, 
solidifying on rubbing with a glass rod. The product 
(0:31 g.), purified by sublimation in vacuo at 100° and 
recrystallization from light petroleum (b.p. 60—80°), formed 
colourless needles of 2:3:4-trimethoxybenzoic acid, m.p. 
99-100°, undepressed when mixed with an authentic 
sample obtained by oxidation of 2:3:4-trimethoxycinnamic 
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acid (Found: C, 56-3; H, 5-7; OMe, 44-0. C,,H,,0, requires C, 
56-6; H, 5-7; 3 OMe, 43-9%). 

2-(2:5-Dihydroxy-4-methylbenzoyl)-3:4:5-trimethoxybenzoic 
acid. 2-(2-Hydroxy-4-methylbenzoy])-3:4:5 - trimethoxy- 
benzoic acid (2-0g.) was dissolved in 2n-NaOH and 
K,8,0, (2-0 g.) was added in portions during 90 min. The 
brown solution after 40 hr. at room temperature was made 
just acid to Congo red by the addition of dil. HCl. The pre- 
cipitate (unchanged starting material) was filtered off and 
the filtrate made strongly acid by the addition of cone. HCl 
(35 ml.). After 72 hr. the precipitate was collected (0-67 g., 
m.p. 185-196°). After recrystallization 2-(2:5-dihydroxy-4- 
methylbenzoyl)-3:4:5-trimethoxybenzoic acid was obtained as 
yellow needles, m.p. 222—223° (Found: C, 59-4; H, 5-1; 
OMe, 25-7. C,gH,,0, requires C, 59:7; H, 5-0; 3 OMe, 
25-7%). 

1:4:5:6:7-Pentahydroxy-2-methylanthraquinone. The above 
benzoylbenzoic acid (1-0 g.) in conc. H,SO, (20 ml.) was 
heated at 145-150° for 30 min. and at 150-155° for 30 min. 
to effect ring closure and demethylation. After cooling, the 
deep-purple solution was poured into water and the mixture 
was heated to 100° to coagulate the dark-red precipitate. 
The latter was collected and crystallized from methanol, 
giving red needles (0:43 g.) of 1:4:5:6:7-pentahydroxy-2- 
methylanthraquinone, m.p. 298-300° (Found, on sample sub- 
limed in vacuo at 160-170°: C, 59-4; H, 3-6. C,;H,)0, 
requires C, 59-6; H, 3-3%). The product gave a pure blue 
colour with cone. H,SO,. 

1:4:5:6:7-Penta-acetoxy-2-methylanthraquinone. 1:4:5:6:7- 
pentahydroxy-2-methylanthraquinone (50 mg.) was acety]- 
ated by treatment with acetic anhydride (5 ml.) and conc. 
H,SO, (0-1 ml.) at 80° for 10 min. The solid (80 mg., m.p. 
201-204°) obtained by dilution of the reaction mixture with 
water was crystallized three times from methanol affording 
1:4:5:6:7-penta-acetoxy-2-methylanthraquinone as _ yellow 
rods (10-5 mg.), m.p. 215-216° (Found, on sample dried in 
vacuo at 100°: C, 58-5; H, 4:2; acetyl, 41-3. C,;H Oy. 
requires C, 58-5; H, 4-0; 5 acetyl 42:0%). 

Reduction of 1:4:5:6:7-pentahydroxy-2-methylanthraquinone 
with hydrogen iodide. Isolation of frangula-emodin. 1:4:5:6:7- 
Pentahydroxy-2-methylanthraquinone (0-30 g.) was re- 
duced with HI and red P and the anthranol was oxidized 
with CrO,—acetic acid under the same conditions as those 
employed by Howard & Raistrick (1955) for asperthecin. 
The crude product, purified by sublimation and erystalliza- 
tion from toluene, afforded orange needles (5-0 mg.), m.p. 
255-256°, alone or mixed with authentic emodin, m.p. 257°. 
The light-absorption in ethanol (A,,,. 222, 252, 266, 290, 
437 muy, log € 4-51, 4:22, 4-22, 4-31, 4-01 respectively) is in 
agreement with that recorded for emodin (Birkinshaw, 
1955). The product and authentic emodin gave an identical 
colour (red) with conc. H,SO, and both gave the same R, 
(0-54) when chromatographed on Whatman no. 1 paper 
with xylene as solvent. 

1:4:6:7:8-Pentahydroxy-2-methylanthraquinone. A solu- 
tion of 3:4:5-trimethoxyphthalic anhydride (8-0g.) in 
o-cresol (48 ml.) was treated with powdered AICI, (16 g.) 
added in portions. The reaction was carried out and the 
product worked up as described for the corresponding 
reaction with m-cresol, giving a brown solid (1-05 g.), m.p. 
198-205°. Recrystallization from methanol afforded the 
substituted benzoylbenzoic acid as cream needles (0-71 g.), 
m.p. 205-207°. This product (0-71 g.) was oxidized by the 
Elbs method (alkaline K,S,0,) as described earlier for the 
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isomer. The brown solid (0-18 g.), m.p. 221-225°, thus 
obtained was, without further purification, heated with 
cone. H,SO, (3-6 ml.) at 145-150° for 25 min. and at 150- 
155° for 25 min. The cooled solution was poured into water, 
the temperature of which was raised to 100°. The amor- 
phous red precipitate was collected and crystallized from 
methanol, giving red cubes (80 mg.) of 1:4:6:7:8-penta- 
hydroxy-2-methylanthraquinone, m.p. 325-330°. Sublima- 
tion in vacuo at 180° afforded light-red needles, m.p. 328- 
331° (Found: C, 59-8; H, 3-5. C,;H,)O, requires C, 59-6; 
H, 33%). The product gave a violet colour with conc. 
H,SO,. 

1:4:6:7:8-Penta-acetoxy-2-methylanthraquinone. The above 
anthraquinone (44 mg.) in acetic anhydride (1-5 ml.) con- 
taining cone. H,SO, (0-03 ml.) was heated at 70-75° for 
10 min. Straw-coloured needles separated on cooling and 
were collected. Three recrystallizations from methanol 
gave 1:4:6:7:8-penta-acetoxy-2-methylanthraquinone as light- 
yellow needles, m.p. 238—240° (Found, on sample dried in 
vacuo at 100°: C, 58-4; H, 4-0; acetyl, 41-0. C,;H. Oj. 
requires C, 58-5; H, 4-0; 5 acetyl, 42-0%). 

4:5:6:7:8-Pentahydroxyanthraquinone. 3-Hydroxyphtha- 
lie anhydride (0-97 g.) was mixed to a paste with 1:2- 
dihydroxy-3:4-dimethoxybenzene (1-0 g.) and added in 
portions to a fused mixture of AICI, (8-14 g.) and NaCl 
(1-62 g.) at 120-130° (oil bath). The temperature was 
raised to 165° and held for 30 min., then to 180° for 15 min. 
The dark-brown mixture, after cooling, was poured into 
dil. HCl containing ice. The mixture was boiled and then 
extracted with ethyl acetate. The brown residue obtained 
after removal of solvent was heated with cone. H,SO, 
(5-0 ml.) at 145-150° for 20min. and at 150-155° for 
20 min., cooled, and poured into water. The product was 
extracted with ethyl acetate. Removal of solvent by 
distillation in vacuo afforded a red residue (120 mg.) which 
was acetylated by heating at 80-90° for 10 min. with 
acetic anhydride (5-0 ml.) and conc. H,SO, (0-1 ml.). The 
yellow-brown acetate obtained after dilution with water 
crystallized from methanol in yellow needles (32 mg.), 
m.p. 184-185°, raised to 196° by recrystallization. The 
acetate (22 mg.) was hydrolysed by refluxing for 75 min. 
with methanol (2 ml.) containing 3 % (v/v) of cone. H,SO,. 
The product obtained on cooling consisted of orange-red 
plates (13mg.) of 4:5:6:7:8-pentahydroxyanthraquinone, 
m.p. 343° (sublimation from 285°) (Found, on material 
dried in vacuo at 100°: C, 58-2; H, 3-0. C,,H,O, requires C, 
58-3; H, 2-8%). The colour with conc. H,SO, was deep 
amethyst, identical with that given by nordermocybin. 

4:5:6:7:8-Penta-acetoxyanthraquinone. The pentahydroxy- 
anthraquinone (20 mg.) was reconverted into the acetate, 
giving a pale-yellow solid (32-7 mg.), m.p. 182-185°. Two 
crystallizations from methanol gave 4:5:6:7:8-penta-acet- 
oxyanthraquinone as yellow rods (24 mg.), m.p. 198-199° 
(Found, on sample dried in vacuo at 100°: C, 58-1; H, 3-7; 
acetyl 43-8. C,,H,,0,2 requires C, 57-8; H, 3-6; 5 acetyl, 
43-3%). 

4:5:6:7:8-Pentahydroxy-2-methylanthraquinone. 3-Meth- 
oxy-5-methylphthalic anhydride (0-47 g.) was mixed with 
1:2-dihydroxy-3:4-dimethoxybenzene (0-50 g.) and heated 
to 120°. Most of the anhydride dissolved in the phenol. 
AICI, (4:0 g.) and NaCl (0-4 g.) were ground up quickly and 
added to the solution with constant stirring. The tempera- 
ture was raised to 200° and maintained for 20 min. The 
dark-brown powdery mixture was allowed to cool and 
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Table 1. Light-absorption spectra of several polyhydroxyanthraquinones in ethanol 


Substance chacinminleeenlte 


Dermocybin 219-5 262-5 
(4-43) (4-38) 
Dermocybin monomethy] ether 223 262 
(4-42) (4:50) 
Dermocybin monoacetate 230 259 
(4-44) (4-50) 
Nordermocybin 219 266 
(4:49) (4-26) 
Nordermocybin dimethyl ether 223 262 
(4-45) (4-49) 
Nordermocybin diacetate 221 261 
(4:42) (4-36) 
1:4:5:6:7-Pentahydroxy-2-methy]l- 222 
anthraquinone (4-40) 
1:4:6:7:8-Pentahydroxy-2-methyl- 223 
anthraquinone (4-43) 
4:5:6:7:8-Pentahydroxyanthraquinone 217 263 
(450) (4-26) 
4:5:6:7:8-Pentahydroxy-2-methy]- 219-5 266 
anthraquinone (4-48) (4-26) 





Amax. (Mp) with log « in parentheses 
279 459 486 521 
(4-33) (4-07) (4-14) (4-00) 
307 462-464 487 505-508,* 520 
(3-98) (4-10) (4:21) (4-06) (4-04) 
304 — 485 — 560-570 
(4-04) (4:12) (3-00) 
289 455 486 520 
(4:37) (4:03) (4-10) (3-99) 
307 462-466 487 505-510,* 520 
(3-94) (4-08) (4:19) (4-05) (4-04) 


285-289*  460-468* 487 510-520* 
(4:18) (4:01) (4:07) (3-95) 
291 - 486 512 
(4:39) (4:16) (4:09) 
291 oo 486 508 
(4:42) (4:18) (4-10) 

290 460 486 520-525* 
(4:36) (4-09) (4:19) (4:03) 

289 455 485 520 
(4:33) (3-99) (4-11) (3-95) 


* Inflexion. 


added to iced dil. HCl. The solution was heated to boiling 
and extracted with ethyl acetate. The residual gum from 
the ethyl] acetate was treated with conc. H,SO, (6-0 ml.) for 
20 min. at 145-150° and for 20min. at 150-155°. The 
product obtained by pouring the solution into water was 
extracted with ethyl acetate and obtained as a red—brown 
solid (85 mg.) which was purified through acetylation and 
hydrolysis. Reacetylation and _ crystallization from 
methanol afforded the purified acetate as yellow needles 
(11-6 mg.), m.p. 195-196°. No depression in m.p. was 
observed when this acetate was mixed with a sample of 
nordermocybin penta-acetate. The purified acetate 
(11-6 mg.) was hydrolysed by heating with methanol 
(1-5 ml.) and cone. H,SO, (3%, v/v). The product crystal- 
lized on cooling as bright-red needles (6-2 mg.) of 4:5:6:7:8- 
pentahydroxy-2-methylanthraquinone, m.p. 284-286°, un- 
depressed when mixed with nordermocybin (Found, on 
sample dried in vacuo at 100°: C, 59-5; H, 3-6. C,;H,)0, 
requires C, 59-6; H, 3-3%). The product gives a deep- 
amethyst colour with conc. H,SO,, identical with that 
given by nordermocybin. The light-absorption of the 
synthetic product and nordermocybin is also identical (see 
Table 1). 


SUMMARY 


1. Dermocybin, a metabolite of the fungus 
Cortinarius sanguineus, is a tetrahydroxymethoxy- 
2-methylanthraquinone in which three of the 
hydroxyl groups are in the «-position and one 
hydroxyl and the methoxyl group are in the f- 
position in the anthraquinone nucleus. 

2. To elucidate the structure of nordermocybin, 
1:4:5:6:7-pentahydroxy-2-methyl-, 1:4:6:7:8-penta- 





hydroxy-2-methyl-, 4:5:6:7:8-pentahydroxy- and 
4:5:6:7:8 - pentahydroxy - 2 - methyl] - anthraquinone 
were synthesized. 

3. Nordermocybin is identical with 4:5:6:7:8- 
pentahydroxy-2-methylanthraquinone. 

4. Dermocybin has therefore the structure 
4:5:6:8 - tetrahydroxy- 7-methoxy- 2 -methylanthra- 
quinone or 4:5:7:8-tetrahydroxy- 6 -methoxy-2- 
methylanthraquinone. 


We have to thank Dr E. N. Morgan and Dr P. Chaplen 
for the isolation of pure specimens of dermocybin and 
emodin from the fungus. We are also indebted to the 
Central Research Fund of London University for a grant 
for the purchase of the spectrophotometer used in this 
work. 
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A Specific Method for the Determination of 
Free Acetate in Blood and Tissues 
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The concentration of acetate in most mam- 
malian blood and tissues is extremely low and 
quantitative determination has not been possible 
with the methods used, for instance, in micro- 
biology. Various suggestions have been made to 
employ enzymic procedures for the quantitative 
analysis of acetate. Korff (1954) examined the 
combination of the distillation—diffusion step 
described by Bartley (1953) with an enzyme 
system from rabbit-heart muscle. The enzymic 
reactions involved were activation of acetate to 
acetyl-coenzyme A and condensation of this sub- 
stance with oxaloacetate, produced through de- 
hydrogenation of malate. This last reaction caused 
the formation of reduced diphosphopyridine 
nucleotide, which was measured spectrophoto- 
metrically. The enzyme preparation was a rather 
crude one and contained lactic dehydrogenase, 
which causes pyruvate to interfere in the determin- 
ation. Sodium ions inhibit the process strongly 
and the enzyme is not stable for long periods. 


Korff’s method was designed to measure 3-25 yg. of 


acetate. Rose (1955) has utilized an acetokinase 
from Escherichia coli. The acetyl phosphate formed 
in the reaction was measured as the ferric hydrox- 
amate complex. Amounts of acetate in the range 
30-150 pg. were determined. 

The method of Soodak & Lipman (1948) and 
Soodak (1957) employs an enzyme preparation 


from pigeon liver catalysing the acetylation of 


sulphanilamide through the reactions: 


Acetate + ATP + CoA 
— acetyl-CoA + AMP + pyrophosphate 


Acetyl-CoA + sulphanilamide 
+ acetylsulphanilamide + CoA 


of which the first is probably a two-stage reaction. 
The remaining sulphanilamide is determined 
colorimetrically. 

The reaction is inhibited by alkali-metal ions and 
the method cannot therefore be used directly for 
the determination of acetate in biological material, 
where the acetate concentration is low compared 
with that of inorganic substances. Also aceto- 
acetate may interfere seriously by giving rise to 
acetyl-coenzyme A. If, however, the principle used 
in Soodak’s method is combined with a diffusion or 


distillation step to isolate the volatile acids, and at 
the same time destroy acetoacetate, a method 
should result which is both sensitive and specific. 
A preliminary account of work on this problem has 
been published (Fugmann, Lundquist & Rasmussen, 
1958). A short description of the final method has 
also appeared (Lundquist, 1961). 

Diffusion in Conway units was decided upon as 
the method most likely to give good results with 
the small amounts of acetate involved, but the 
vacuum procedure of Bartley (1953) could probably 
also be modified satisfactorily for microscale work. 
The use of anhydrous sodium sulphate as reagent 
to increase the vapour pressure of acetic acid was 
necessary for the completion of the diffusion within 
a reasonable time, as recommended by Conway 
(1957). It was, however, essential to cool the 
sodium sulphate and the fluid to be analysed, and 
to incorporate a small amount of the decahydrate 
of sodium sulphate into the mixture, in order to 
get rapid crystallization. The importance of low 
temperature was noticed by Serlin & Cotzias 
(1955), who also found it advisable to add citrate 
buffer at about pH 3 to the solution subjected to 
diffusion. 

The procedure of Serlin & Cotzias was, however, 
not directly applicable as it proved necessary to 
prevent traces of sodium sulphate from entering the 
receiving compartment. This was done by the use 
of separate Perspex dishes placed in the centre 
part of the diffusion unit. After the completion of 
this step the Perspex dishes were removed and the 
contents evaporated to dryness in preparation for 
the enzymic analysis. 


EXPERIMENTAL 


Preparation of pigeon-liver enzyme. The enzyme was 
prepared essentially as described by Soodak (1957). Livers 
from 12-15 animals were used for each batch of enzyme. 
It was observed that material from young pigeons gave the 
highest yield of enzyme. The final dialysed solution (about 
100 ml.) was distributed in vials and kept frozen at — 20°. 
The frozen enzyme keeps well and has been used success- 
fully after storage for one and a half years. 

Materials. It is important to use chemicals free from 
acetate. This is especially important for Na,SO,, which is 
used in large quantities. Among many preparations tried 
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anhydrous Na,SO,, p.a. (Merck), was the only one suffi- 
ciently pure. Other chemicals used were obtained from 
the following sources. ATP, disodium salt, CoA, 75% 
pure, and tris from Sigma Chemical Co., St Louis, Mo., 
U.S.A. Citric acid monohydrate and HClO, were Merck 
analytical reagents. Other chemicals used were analytical- 
grade products. 


Procedure for blood plasma or serum 

The analytical procedure consists of four steps: depro- 
teinization, diffusion in Conway units, enzymic reaction 
and determination of sulphanilamide. 

Deproteinization. Deproteinization is best performed 
with HClO,. Metaphosphoric acid (Merck, in sticks) has 
also been used successfully. Blood plasma is mixed 
thoroughly with 1 vol. of 5% (w/v) HClO, and centrifuged 
after 10 min. The clear supernatant is neutralized and 
buffered at pH 3 by the addition of 0-1 vol. of a solution 
containing 2-3n-NaOH and 0-5m-citric acid [NaOH 
(9-4 g.) and citric acid (10-5 g.) are dissolved in 100 ml. of 
water]. This reagent is kept in a well-closed plastic bottle. 

Diffusion. Standard Conway units no. 1 are used. 
Anhydrous Na,SO, is ground in a mortar with about 5% of 
crystalline Na,SO,,10H,O. The powder (5 or 10g.) is 
distributed in the outer ring of the units. If more than 
1 ml. of fluid is used 10 g. of Na,SO, is employed. It is 
convenient to cover the centre compartment by a plastic 
cone, which fits into the well while the salt is poured on. The 
powder is lightly compressed by means of a Perspex ring 
fitting into the outer chamber. The units are now placed at 
4° for 1 hr. before addition of the sample to be analysed, or, 
alternatively, the whole procedure may be carried out in a 
cold room. In the centre compartment is placed a plastic 
dish (external diameter, 32 mm.; internal diameter, 29- 
30 mm.; internal height, 4mm.; external height, 5 mm.) 
made from Perspex rod, 35mm. in diameter. With a 
Carlsberg constriction pipette, 0-033N-KOH (600,yl.) is 
measured into the dish. Cold, neutralized HCIO, filtrate 
(0-4-2 ml., depending on the concentration of acetate) is 
distributed evenly on the surface of the Na,SO, layer. For 
sealing the units a mixture of liquid (3 parts) and solid 
(1 part) paraffin is applied to the rim of the unit by a glass 
syringe. 

The units are replaced at 4° for about 1 hr. to accelerate 
the crystallization, and thereafter for 20-24 hr. at room 
temperature (below 30°). The plastic dishes are removed 
and placed at 90° for 30min. Hereby all the water is 
removed and any acetoacetate that may be present is 
destroyed. 

Enzymic reaction. (i) Reagents. A coenzyme-sulphanil- 
amide mixture is prepared by dissolving ATP (300 mg. of 
the disodium salt) and CoA (5 mg.) in 5 ml. of water. Then 
25 mm-sulphanilamide (3 ml.), M-potassium citrate (2 ml.) 
and 0-1m-MgCl, (0-5 ml.) are added, and the mixture is 
distributed in vials and frozen at -20°. It keeps for at 
least 1 month. Immediately before use a buffer-coenzyme 
reagent is made up consisting of coenzyme-sulphanilamide 
mixture (2 vol.), m-tris-HCl buffer, pH 8-1 (6 vol.), 0-5m- 
cysteine—HCl (1 vol.) and 0-1mM-MgCl, (1 vol.). This mixture 
is kept in an ice bath. 

(ii) Procedure. Into the dried plastic dishes is measured 
(by Carlsberg pipettes) 0-1N-HCl (200 pl.) followed, by the 
buffer-coenzyme reagent (250yl.). The contents are 
thoroughly mixed to dissolve all KOH and acetate, and 
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400 yl. is transferred to a small (7 ml.) glass-stoppered 
centrifuge tube. Enzyme (200pl., or according to the 
activity, see Fig. 1) is added, a stream of N, is led through 
the tube for 20 sec., and the stopper replaced. The tip of the 
N, tube should be held just above the surface of the liquid. 
The tubes are incubated for 1 hr. at 37° and, after cooling, 
cold 5% (w/v) trichloroacetic acid (2 ml.) is added. The 
tubes are centrifuged after 10 min. 

Sulphanilamide determination. The clear supernatant 
(1 ml.) is transferred into 0-9N-HCl (9 ml.) in a test tube. 
The determination is made according to Bratton & 
Marshall (1939) through consecutive addition of 0-1% 
NaNO, (1 ml.), 0-5% sulphamic acid (1 ml.) and 0-:1% 
N-naphthylethylenediamine dihydrochloride (1 ml.). The 
red colour is measured at 540 my. 

Blank and standard analyses. These are carried through 
the whole procedure. 5% HClO, (1 vol.) is neutralized 
with NaOH and made up to 2 vol. Citrate buffer, pH 3 
(0-5M, 0-2 vol.), is added. This ‘blank solution’ is employed 
directly for the diffusion step in the blank analyses. 
Suitable standards are made from the blank solution by 
addition of a stock solution containing 100 pl. (105 pg.) of 
acetic acid/100 ml. (17-5mm). Standards containing 10 
and 20 yg. are generally employed. 

Assay of enzyme. The enzyme is tested by making a 
number of analyses (without the diffusion step) on the 
same acetate solution with increasing amounts of enzyme 
as shown in Fig. 1. Blank analyses containing only enzyme 
but no acetate are included as the enzyme may contain a 
small amount of acetate (generally, however, less than 
2 pg./ml.). 

Analysis of other materials 

For analysis of tissues a suitable HClO, extract may be 
employed in the same way as blood plasma (see Table 4). 
With urine the pH is adjusted to 3 and 0-1 vol. of 0-5m- 
citrate buffer, pH 3, is added. Diffusion and further treat- 
ment is identical in all cases. 





0-200 


0-100 


AE 540 my 


0 100 200 300 
Enzyme (yl.) 


Fig. 1. Assay of pigeon-liver enzyme: change in extinction 
at 540 mp as a function of the amount of enzyme. All! 
figures are corrected for the blank values obtained with the 
same amount of enzyme but without addition of acetate. 
The incubation mixture contained: coeazyme-buffer 
solution (250yl.), acetate solution (10yg. in 100y1.), 
and enzyme + water (300 yl.). With this enzyme prepara- 
tion 200pl. will be optimum for acetate analysis, but 
satisfactory results can be obtained with less than this 
amount. 
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RESULTS 


The composition of the incubation mixture 
employed by Soodak was found not to be the 
optimum. Especially the magnesium chloride 
concentration was too low, but increases of the 
concentrations of ATP, cysteine, sulphanilamide 
and tris buffer were also found desirable. As a result 
of these changes the colour corresponding to 1 yg. 
of acetate is increased considerably (50-100 %). In 
direct experiments (without diffusion) the colour 
obtained corresponds to about 85% of the theor- 
etical yield (i.e. when all acetate is converted into 
acetylsulphanilamide). 

Below 15-20 yg. of acetate, somewhat dependent 
on the enzyme preparation, proportionality is 
found between colour and amount of acetate both 
for aqueous acetate solutions analysed directly and 
for serum analysed by the complete procedure. 

Diffusion process. The recovery of acetate from 
aqueous solutions containing citrate buffer is 
nearly quantitative after diffusion for 24hr. as 
seen in Table 1, which also demonstrates that the 
volume of the liquid added to the Conway units 
should preferably not exceed 2ml. In general 
diffusion for 24 hr. is sufficient also with depro- 
teinized serum and other material, but for concen- 
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trated urine the recovery is often low (Table 2). It 
is therefore advisable to dilute concentrated urine 
samples with water before diffusion or to use a 
48-hr. diffusion period. 

Recovery and accuracy. Table 3 shows the recovery 
of acetate added to serum, urine and liver homo- 
genate. In a series of analyses of the same serum 
sample the s.D. of the final reading corresponded to 
0-22 ug. of acetate (n = 10). As the s.p. on the 
blank value is of the same magnitude the overall 
S.D. is 0-224/2 = 0-3 ug./ml. Direct analyses (with- 
out diffusion) of serum gave s.pD. = 0-l5yg. 
(n = 19). The absolute error is independent of the 
amount of acetate within the limits given. 


Table 1. Influence of volume of analysis and diffu- 
sion time on acetate recovery in aqueous solutions 


All analyses contained 10 yg. of acetate in 0-05 M-citrate, 
pH 3. Results are given as percentage of the colour ob- 
tained by direct analysis with omission of the diffusion step. 


Recovery of acetate (% 





Na,SO, in Volume - 





Y 


Conway unit analysed Diffusion Diffusion 
(g.) (ml.) for 24 hr. for 48 hr. 

5 1 98 105 

10 2 97 98 

10 3 82 82 





Table 2. Analysis of urine 


The Conway units contained 5 g. of Na,SO,. Neutralized urine (1 ml.) buffered at pH 3 was used as described in 
the text. The results are based on simultaneously analysed aqueous acetate solutions. 


Diffusion for 24 hr. 


Diffusion for 48 hr. 





Cc 7 = 5 \ f —— —- ™ 
Acetate Conen. of Conen. of 
added acetate Recovery acetate Recovery 
Material (ug./ml.) (wg./ml.) (%) (ug./ml.) (%) 
Cone. urine* None 8 se * 10 _- 
20 23 75 29 95 
Cone. urine* None 1-6 -- 3-0 — 
13 12:3 82 15-0 92 
Dil. urinet None 2-9 — 2-7 — 
20 22-7 100 22-3 98 


* Morning urine. 


+ Urine flow approx. 3 ml./min. 





Table 3. Recovery of acetate added to blood serum, urine and liver suspension 


The material was analysed in accordance with the description given in the text. The liver suspension was 
prepared by homogenization of rabbit liver in 4 vol. of water. In all experiments 1 ml. of deproteinized filtrate 
or buffered urine was used. The Conway units contained 5 g. of Na,SO, in the outer ring. The diffusion time was 


24 hr. 


Acetate Acetate concn. 
No. of added measured Recovery 
Material analyses (ug./ml.) (ug-/ml.) (%) 
Blood serum 4 None 0-6 — 
10 40-3 41-5 (s.D. 0:6) 101-5 
Urine 6 None 2-8 — 
4 20 22-6 (22-23) 99 
Liver suspension 4 None 4-4 
8 40:3 45-6 (43-49) 102 
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Specificity. Table 4 shows the results of experi- 
ments with a number of substances likely to inter- 
fere in the acetate analysis. Among the fatty acids 
examined only propionic acid reacted, but to a 
very small extent. In fact a small contamination 
by acetate cannot be excluded even though twice- 
recrystallized calcium propionate was used. Aceto- 
acetate reacts with the pigeon-liver enzyme, which 
contains an acetoacetate-activating enzyme system. 
Through the procedure described (diffusion and 
heating) acetoacetate is completely destroyed, as 





Table 4. Specificity of the sulphanilamide- 
acetylating enzyme system 


Aqueous solutions of the sodium salts (Ca salt in the 
case of propionic acid) of the acids examined (200 pl.) were 
incubated with buffer-coenzyme mixture (250 yl.) and 
enzyme (200 yl.) for 1 hr., and the remaining sulphanil- 
amide was determined as described in the text. 


Colour as percentage of 
the colour obtained with 
equivalent amounts of acetate 


\ 


Soodak Present 





Substance (1957) work 
Formate 0-0 — 
Propionate 0-7 1-4 
Butyrate 1-3 0-1 
Valerate 0-4 0-0 
Pyruvate 0-0 — 
Ethanol 0-0 0-0 
B-Hydroxy-f-methyl- — 0-0 

glutarate 
Acetoacetate 
2-5 mg./ml. —_ 90 
5-0 mg./ml. — 85 
10 mg./ml. — 84 
100 
E 
8 
— 
a 
oO 
oo 
S$ 
® 
i 
o 
_ 
0 100 200 300 


Salt concentration (mm) 


Fig. 2. Influence of KCl (O), NaCl (V7) and CaCl, (@) on 
the acetylation of sulphanilamide. Values are given as per- 
centage of the change in extinction obtained in control 
experiments without added salts. 
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shown in experiments with additions of up to 
100 mg. of acetoacetate/100 ml. of plasma. 

Inhibition. Fig. 2 shows the influence of some 
inorganic cations on the enzymic acetylation. 
Sodium and potassium inhibit to the same degree. 
Although the inhibition in these experiments is not 
very large, it is evident that the determination of 
small concentrations of acetate in material con- 
taining inorganic salts can only be performed after 
removal of the salts, e.g. through the diffusion step 
described. 

Determination of acetate directly in blood plasma or 
serum. Under certain conditions it may be per- 
missible to use plasma directly without any separa- 
tion of protein or non-volatile matter. Table 5 shows 
recovery of acetate added to plasma and analysed 
directly. 

DISCUSSION 


Soodak (1957) has observed that the pigeon-liver 
preparation contains enzymes which hydrolyse 
acetylsalicylic acid. If the complete procedure is 
employed interference from this substance or other 
acetate esters will not be possible unless the sub- 
stances in question are volatile. This possibility can 
probably be neglected. 

Another enzyme that might interfere in the 
analysis if present is oxaloacetate transacetase 
which under the conditions employed (relatively 
high concentration of citrate and CoA) could cause 
formation of acetyl-CoA from citrate. When the pro- 
cedures of Soodak (1957) are followed carefully this 
enzyme is absent from the final enzyme preparation. 

The question arises whether any of the known 
forms of ‘active’ acetate are determined as acetate 
in this analysis. Acetyl-CoA, if present in the 
incubation mixture, would of course react with 
sulphanilamide, but when the complete procedure, 
including diffusion, is used acetyl-CoA will not 
interfere, as this substance is stable under the 
conditions used for deproteinization and diffusion 
(Stadtman, 1957). 


Table 5. Recovery of added acetate by direct 
analysis of plasma 


Blood plasma was incubated at 37° with buffer-sulpha- 
nilamide-coenzyme mixture (250 yl.) and enzyme (200 yl.). 
Sulphanilamide was determined as described in the text. 
Control experiments contained water instead of plasma. 


Vol. of 
plasma or Acetate Extinction difference 

water added —— A—————, Recovery 

(ml.) (ug./ml.) Water Plasma %) 

0-2 None — 0-018 — 

50 0-177 0-191 98 

90 0-297 0-320 102 

0-1 None — 0-024 —- 

105 0-199 0-223 100 
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Acetyladenylic acid, which may be an inter- 
mediate in the activation of acetate (Berg, 1956), on 
the other hand is a labile substance, which is 
rapidly hydrolysed at pH 2. Nothing seems, how- 
ever, to be known about the possible presence of 
acetyladenylic acid in biological material. 

The method described has been used by us 
extensively for determination of acetate in liver 
suspensions (Lundquist, Fugmann, Klaining & 
Rasmussen, 1959) and in blood during alcohol 
metabolism in man, where the concentration of 
acetate reaches values of about 50yg./ml. (Fug- 
mann et al. 1958; Lundquist, 1960). At concentra- 
tions of this magnitude the diffusion step may be 
omitted, when the concentration of acetoacetate 
can be shown to be small and constant. 


SUMMARY 


1. A specific enzymic method for the quanti- 
tative determination of acetate in the ré-ze 
1-15 pg. in a volume not exceeding 3 ml. is de- 
scribed. 

2. The procedure involves diffusion in Conway 
microdiffusion units and reaction with sulphanil- 
amide by means of a pigeon-liver enzyme prepara- 
tion, which is stable at — 20° for at least 1 year. 

3. The method is highly specific for acetate. 
Interference from a number of substances ex- 
amined is negligible. 
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4, The accuracy is about 0-3yg. (s.D.) inde- 
pendent of the concentration in the range covered. 


This investigation has been partly supported through a 
grant from Statens almindelige Videnskabsfond. 
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Studies on Vitamin A Esterase 


5. A COMPARATIVE STUDY OF VITAMIN A ESTERASE AND CHOLESTEROL 
ESTERASE OF RAT AND CHICKEN LIVER* 


By P. SESHADRI SASTRY anv J. GANGULY 
Department of Biochemistry, Indian Institute of Science, Bangalore 12, India 


(Received 29 December 1960) 


Although esterases have received a great deal of 
attention for a long time, the existence of vitamin A 
esterase and cholesterol esterase was recognized 
only relatively recently; however, information 
about the identity and specificity of these two 
esterases does not seem to be available. Seshadri 
Sastry, Krishnamurthy & Ganguly (1957) re- 
ported the general properties of vitamin A esterase 
of rat liver and demonstrated by differential- 
inactivation studies that the common esterase (the 
enzyme hydrolysing short-chain esters of simple 

* Part 4: Mahadevan, Murthy, Krishnamurthy & 
Ganguly (1961). 


alcohols, e.g. ethyl butyrate) and vitamin A 
esterase of the same tissue are not identical. All 
attempts at solubilization of vitamin A-esterase 
activity from rat liver were unsuccessful. 

During the course of these investigations it was 
noticed that the common esterase, vitamin A- 
esterase and cholesterol-esterase activities of 
chicken-liver homogenate are distributed between 
the nuclear and microsomal fractions, whereas in 
rat-liver homogenates they are present only in the 
microsomal fraction (Krishnamurthy, Seshadri 
Sastry & Ganguly, 1958). Cases of bimodal distri- 
bution of enzymes, e.g. aryl sulphatases in the rat- 
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liver cell, are known, however, but the enzymes 
belonging to separate cell fractions were found to 
have different properties (Dodgson, Spencer & 
Thomas, 1955). It was therefore of interest to make 
a comparative study of the esterase activities of the 
microsomal fraction, and of the nuclear and micro- 
somal fractions from homogenates of rat and 
chicken liver respectively. 

This paper describes a comparison of the pro- 
perties of vitamin A esterase and cholesterol 
esterase of rat liver and of the nuclear and micro- 
somal fractions of chicken-liver homogenate. It is 
also shown that a soluble preparation containing 
the three esterase activities can be obtained from 
the nuclear fraction of chicken liver. It was possible 
to obtain partial separation of the three activities 
by subjecting the soluble preparation to electro- 
phoresis and ammonium sulphate fractionation. 
From the results it would appear that the three 
activities are due to separate enzymes. 


MATERIALS AND METHODS 


Crystalline synthetic vitamin A acetate, obtained from 
Hoffmann-La Roche, was chromatographed on alumina 
before use (Ganguly, Krinsky, Mehl & Deuel, 1952). 
Crystalline cholesterol acetate, ethyl butyrate and digitonin 
were from British Drug Houses Ltd.; the ethyl butyrate was 
redistilled before use. Tween 80 (polyoxyethylene sorbitan 
mono-oleate) was from Atlas Powder Co., Willmington, 
Delaware, U.S.A. and p-chloromercuribenzoate from 
Sigma Chemical Co. The organophosphorus compounds 
were kindly procured for us by Dr 8. Y. Thompson of the 
National Institute for Research in Dairying, Reading. 
Lissapol-N, an alkyl aryl polyethoxy alcohol, was from the 
Imperial Chemical Industries Ltd. 

Treatment of animals, preparation of the enzymes and 
dispersion of vitamin A acetate were as described by 
Seshadri Sastry ef al. (1957) and Krishnamurthy e¢ al. 
(1958). Cholesterol] acetate was dispersed according to the 
method of Meier, Siperstein & Chaikoff (1952) with Tween 
80. Unless otherwise stated, 1 ml. of the substrate (con- 
taining 2 mg. of vitamin A acetate or cholesterol acetate) 
and 8 ml. of 0-1mM-HCl-veronal buffer (pH 8-6 for vitamin 
A acetate and pH 7-4 for cholesterol acetate) were equili- 
brated for 10 min. at 37°, after which 1 ml. of the enzyme 
preparation (equivalent to 200 mg. of rat liver or 50 mg. of 
chicken liver) was added and the reaction was carried out 
for the given length of time at the same temperature. The 
total volume of the reaction mixture was always adjusted 
to 10 ml. with the buffer and the reaction was stopped by 
the addition of an equal volume of ethanol. It was then 
extracted twice with light petroleum (b.p. 40-60°) in a 
separating funnel. The free cholesterol was determined by 
digitonin-precipitation according to Sperry & Webb (1950). 
In all the experiments controls to account for the chole- 
sterol originating from the enzyme samples were em- 
ployed. The estimation of vitamin A and assay of the 
common esterase as described before (Seshadri 
Sastry et al. 1957). 

Proteins were determined by the biuret method (Robin- 
son & Hogden, 1940). 


were 
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RESULTS 
Experiments with rat liver 


Relative rates of hydrolysis. At any given time up 
to 45 min. the average rate of hydrolysis of vitamin 


A acetate was roughly 12 times as fast as that of 


cholesterol acetate (Fig. 1), and the specific activi- 
ties for the hydrolysis of the two substrates were 
103-6 »m-moles/30 min./mg. of protein and 8-36 ym- 
moles/30 min./mg. of protein respectively. This is in 
agreement with the experiences of earlier workers 
(McGugan & Laughland, 1952; Byron, Wood & 
Treadwell, 1953). 

Effect of pH and buffer. Vitamin A esterase 
showed two pH optima (6-6 and 8-6) with the 
maximum activity at pH 8-6. In contrast, chole- 
sterol esterase had only one well-defined pH 
optimum at pH 7-4 (Fig. 2) [contrast Byron et al. 
(1953)]. These used larger 
amounts of cholesterol butyrate as the substrate 
and their dispersing media and enzyme prepara- 
tions were quite different. Our results agree more 
closely with those of Schotz, Rice & Alfin-Slater 
(1954). Substitution of phosphate for veronal 
buffer did not have any effect on the pH optima or 
on the rates of hydrolysis of the two substrates. 

Bile salts have been reported to change the pH 
optima for the hydrolysis of triglycerides by lipase 
(Borgstrom, 1954). Sodium taurocholate (1%, 
w/v) activated the hydrolysis of both vitamin A 
acetate and cholesterol acetate by about 30%, but 
did not shift the pH optima. 

Effect of substrate concentration. Lineweaver & 
Burk (1934) plots for the hydrolysis of vitamin A 
acetate and cholesterol acetate are given in Fig. 3. 
The K,, values were 0-22 and 0-4 mm respectively. 

Energy of activation. Preliminary experiments 
carried out for testing the thermal stability of the 


workers, however, 
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Fig. 1. Relative rates of hydrolysis of vitamin A acetate 
and cholesterol acetate by rat liver. Conditions were as 
described in the Materials and Methods section. x, 
Vitamin A acetate; O, cholesterol acetate. 
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Fig. 2. Effect of pH on (a) vitamin A esterase and (b) cholesterol esterase of rat liver. Buffers used: sodium 
phosphate (0-1m) up to pH 8-0 and sodium veronal buffer (0-1m) above pH 8-0 (- - -); Michaelis veronal buffer 
for the entire pH range (—). Incubations were for 1 and 12 hr. for vitamin A esterase and cholesterol esterase 
respectively. Other conditions were as described in the Materials and Methods section. 
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Fig. 3. Lineweaver & Burk (1934) plots for vitamin A 
esterase and cholesterol esterase of rat liver. Incubation 
was for 20min. and 2hr. for vitamin A esterase and 
cholesterol esterase respectively. Other conditions were as 
described in the Materials and Methods section. x, 
Vitamin A esterase; O, cholesterol esterase. 


two activities showed that they remain unchanged 
when incubated for 30 min. at 40°. The velocities 
of hydrolysis were therefore determined in tripli- 
cate at four different points below 40°, as given in 
Fig. 4, where the Arrhenius (1889) plots for the 
hydrolysis of vitamin A acetate and cholesterol 
acetate are given. The energies of activation, as 
calculated from the plots, were 11 540 cal./mole 
and 15 680 cal./mole respectively. 
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Fig. 4. Arrhenius (1889) plots for vitamin A esterase and 
cholesterol esterase of rat liver. Incubations were for 10 
and 60 min. for vitamin A esterase and cholesterol esterase 
respectively. Other conditions were as described in the 
Materials and Methods section. Each point represents an 
average of triplicates. x, Vitamin A esterase; O, chole- 
sterol esterase. 





Effect of aging and heat. Seshadri Sastry et al. 
(1957) demonstrated that vitamin A esterase is 
relatively more labile towards aging and heat than 
is the common esterase. With similar techniques 
the stability of cholesterol esterase was compared 
with that of vitamin A esterase. Here again, the 
latter activity was lost more rapidly by both 
treatments (Fig. 5). The stability characteristics of 
the cholesterol esterase thus seem to be more like 
those of the common esterase. 
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Inhibitor studies 


It was 
possible to differentiate between vitamin A esterase 


Metal ions, alkaloids and arsenicals. 


and common esterase with the aid of these com- 
pounds as inhibitors, because all of them pre- 
ferentially inhibit the former activity (Seshadri 
Sastry et al. 1957). In Table 1 the effects of these 
compounds on cholesterol-esterase activity of rat 
liver are summarized; the general pattern of in- 
hibition was similar to that of vitamin A esterase. 

Inhibition by compounds which combine with 
sulphydryl groups. p-Chloromercuribenzoate at 
1 mM concentration caused pronounced inhibition 
of vitamin A esterase and cholesterol esterase, 
whereas iodoacetate had relatively less effect on 
both activities. Addition of cysteine or glutathione 
did not reverse the inhibition. The common 
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Fig. 5. Effect of (a) aging and (b) heat on vitamin A 
esterase and cholesterol esterase of rat liver. Incubations 
were for 1 hr. with vitamin A esterase and for 12 hr. with 
cholesterol esterase. Other conditions were as described in 
the Materials and Methods section. Zero points in both 
sets of experiments represent the enzyme activities im- 
mediately after preparation. x, Vitamin A esterase; 
O, cholesterol esterase. 


esterase remained totally unaffected by both the 
reagents (Table 2). The common esterase of rat 
liver has been reported by other investigators to 
be a non-thiol enzyme (Ludewig & Chanutin, 1950), 

Organophosphorus compounds. Organophosphorus 
compounds are useful for distinguishing various 
esterases of animal tissues. Most of this work has 
been confined to the esterases of tissues such as 
serum, pancreas and small intestine (Aldridge, 
1953, 1954; Myers, Schotte, Boer, Borsje-Bakker, 
1955), and the liver esterases have received less 
attention. It is shown in Fig. 6 that four such 
compounds, namely tetraethyl pyrophosphate, 
diethyl p-nitrophenylphosphate, dizsopropy] nitro- 
phenyl phosphate and diisopropyl phosphoro- 
fluoridate are highly inhibitory towards all the 
three esterase activities of rat liver, and it is 
further shown in Table 3 that there was no signifi- 


cant difference in their relative sensitivity. 





Table 1. Effect of metal ions, alkaloids and 
arsenicals on cholesterol esterase of rat liver 


Enzyme (1 ml.) was mixed with 1 ml. of the inhibitor 
solution and kept for 30 min. at room temperature, after 
which 7 ml. of the buffer and 1 ml. of the substrate were 
added and incubation was continued for 12 hr. The rest of 
the procedure was as described in the Materials and Methods 
section. 

Percentage inhibition 


A 


aie eee 
5 mM 0-5 mm 
CuSO, 98-0 97-0 
HgCl, 98-0 98-0 
ZnCl, 78-0 38-0 
CdSO, 75:2 56-0 
MgSO, 27:5 14-2 
MnSO, 40-9 14-2 
CoSO, 62-5 10-1 
NaF 5-0 0-0 
CaCl, 24-1 0-0 
KCN 13-0 4-6 
Atoxyl 13-0 0-0 
Carbarsone 58-9 13-8 
Physostigmine—HCl 97-9 93-1 
Quinine—HCl 74-4 13-0 





Table 2. 


Effect of p-chloromercuribenzoate and iodoacetic acid on vitamin A. esterase, 


cholesterol esterase and common esterase of rat liver 


Enzyme (1 ml.) was incubated with the inhibitor solution for 30 min. at room temperature; 1 ml. of cysteine, 
reduced glutathione or water, 6 ml. of the buffer and 1 ml. of the substrate were then added. Incubation was con- 
tinued for 40 min. with vitamin A esterase and common esterase and for 12 hr. with cholesterol esterase. 


Percentage inhibition 
A —_ 





— ‘ 


Vitamin A Cholesterol 
esterase esterase Esterase 
p-Chloromercuribenzoate (1 mm) 93-0 79-0 0-0 
p-Chloromercuribenzoate (1 mm) + cysteine (10 mm) 95-0 60-0 0-0 
p-Chloromercuribenzoate (1 mm) + glutathione (10 mm) 82-0 60-0 0-0 
Iodoacetic acid (1 mm) 29-0 21-0 0-0 
Todoacetic acid (1 mm) + cysteine (10 mm) 32:7 37-0 0-0 
Todoacetic acid (1 mm) + glutathione (10 mm) 18-0 21-0 0-0 
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Fig. 6. Inhibition by organophosphorus compounds of hydrolysis of vitamin A acetate, cholesterol acetate 
and ethyl butyrate by rat liver. Conditions were as described in Table 1 except that incubation was for 40 min. 


for vitamin A esterase and common esterase and for 12 hr. with cholesterol esterase. 


x, Vitamin A esterase; 


O, cholesterol esterase; @, common esterase. Inhibitors: (a) tetraethyl pyrophosphate; (b) diethyl p-nitrophenyl 
phosphate; (c) diisopropyl p-nitrophenyl phosphate; (d) diisopropyl phosphorofluoridate. 





Table 3. Sensitivity of vitamin A esterase, cholesterol esterase and common esterase 
y ’ 
of rat liver to organophosphorus compounds 


pl), Negative logarithm of the molar concentration of the compound required to produce 50% inhibition of 


the activity. 


Compound 


Tetraethyl pyrophosphate 

Diethyl p-nitrophenyl phosphate 
Diisopropyl p-nitrophenyl phosphate 
Ditsopropyl phosphorofluoridate 





According to Myers et al. (1955), the pancreatic 
cholesterol esterase of rats is similarly sensitive to 
organophosphorus compounds. 

Effect of age and sex of the animals. Rats of both 
sexes were maintained on the normal stock diet 
after weaning and at the given time intervals two 
rats of each sex were killed for examination of the 
enzyme activities of the liver. It is seen from Fig. 7 


26 





PL5o 
ay = \ 
Vitamin A Cholesterol 
esterase esterase Esterase 
6-25 5-75 6-40 
6-60 6-50 6:35 
6°75 6-60 6:25 
6-40 7-00 6-15 


that vitamin A-esterase activity progressively 
increased with age up to the third month in the 
males and up to the fourth month in the females, 
after which there was an appreciable fall. On 
the other hand, although the cholesterol esterase 
also increased with age it started to decline even 
after the third month. These marked differ- 
ential changes in the two activities are further 
Bioch. 1961, 80 
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Fig. 7. Effect of age and sex on vitamin A esterase and cholesterol esterase of rat liver. (a) Males; (b) females. 
Conditions were as described in the Materials and Methods section. Incubations were for 30 min. for vitamin A 
esterase and for 3 hr. for cholesterol esterase. Each point represents the average of two from two animals. 
x, Vitamin A esterase; O, cholesterol esterase; A, relative ratios. 
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Fig. 8. pH-activity relationship of (a) vitamin A esterase 
and (b) cholesterol esterase of the nuclear and microsomal 
fractions of chicken-liver homogenate. Incubations were 
for 20 min. for vitamin A esterase and for 2 hr. with chole- 
sterol esterase. Other conditions were as described in the 
Materials and Methods section. O, Nuclear fraction; x, 
microsomal fraction. 


demonstrated in the ratios of the two activities 
plotted against age in Fig. 7. 

Attempts at solubilization. In previous experi- 
ments it was not possible to obtain the vitamin A 
esterase of rat liver in solution by acetone-drying, 
since this treatment led to a total loss of activity. 
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Fig. 9. Lineweaver—Burk (1934) plots for (a) vitamin A 
esterase and (b) cholesterol esterase of the nuclear and 
microsomal fractions of chicken-liver homogenate. Condi- 
tions were as described under Fig. 8, except that the pH 
was 8-6 and 8-2 for vitamin A esterase and cholesterol 
esterase respectively. O, Nuclear fraction; x, micro- 
somal fraction. 


However, the common esterase was retained and 
could be solubilized after treatment with acetone. 
In the present study similar attempts at solubiliza- 
tion after acetone-drying led to a total loss of the 
cholesterol-esterase activity. 
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Table 4. Effect of inhibitors on vitamin A esterase and cholesterol esterase 
of chicken-liver nuclet and microsomes 


Conditions were as described under Table 1. Incubation was for 20 min. and 2 hr. for vitamin A esterase and 


cholesterol esterase respectively. 


Vitamin A esterase 


A 


Nuclear 


ce 
Microsomal 


Percentage inhibition 


Cholesterol esterase 


Microsomal 








Nuclear 
enzyme enzyme enzyme enzyme 

i 7 ‘ ” ™ t - a ~ ( — \ 

Inhibitor 6 mM 0-6 mM 6 mM 0-6 mm 5 mM 0-5 mM 5m™M 0-5 mm 
HgCl, 100-0 100-0 81-0 81-0 96-0 96-0 100-0 100-0 
MgCl, 26:8 20-0 19-0 17-6 76-0 31-0 100-0 83-0 
CaCl, 34-2 14-0 17-6 5-0 86-0 4:0 100-0 87-5 
ZnCl, 100-0 57-2 86-5 56-7 95-0 94-0 10-0 100-0 
NaF 11-4 0-0 10-8 0-0 49-0 0-0 95-8 91-7 
NaCN 0-0 2-8 0-0 0-0 10-2 10-2 0-0 25-0 
CuSO, 90-0 90-0 95-0 80-0 100-0 100-0 100-0 100-0 
Quinine—HCl 60-8 26-0 79-0 32-0 79-0 31-0 100-0 100-0 
Carbarsone 28-3 23-3 52-0 19-0 92-4 31-0 95-8 58-0 
Atoxyl 6-0 3-0 8-0 0-0 34-1 10-1 78°5 41:8 
Na,AsO, 85:8 40:8 52-0 52-0 52-2 24-4 98-5 45:8 
Physostigmine—HCl 96-6 90-0 100-0 100-0 100-0 100-0 100-0 100-0 


Experiments with chicken liver 

pH optima. The curves for the pH optima of 
hydrolysis of vitamin A acetate and cholesterol 
acetate by the nuclear and microsomal enzymes of 
chicken liver are given in Fig. 8. There were no 
differences in the pH optima for the nuclear and 
microsomal enzymes with either substrate. The 
pH optima for vitamin A esterase were similar to 
those obtained with rat liver, although the peak at 
pH 6-6 was less pronounced in the avian species. 
The cholesterol esterase, on the other hand, showed 
optimum activity at pH 8-2 and 7-4 with chicken 
and rat livers respectively. This might be due to 
species difference. 

Effect of substrate concentration. The enzymes 
from the two sources showed similar behaviour 
towards the respective substrates (Fig. 9). K, 
values for vitamin A esterase of the nuclear and 
microsomal preparations were 0-19 and 0-3 mm; 
those for the cholesterol esterase of the same sources 
were 0:28 and 0-15 mM respectively. 

Effect of inhibitors. The effects of a number of 
compounds on the nuclear and microsomal 
enzymes are summarized in Table 4. The heavy- 
metal ions and alkaloids proved to be potent 
inhibitors for the nuclear and microsomal vitamin 
A esterase with no major difference between the 
inhibition of the enzymes of the two sources. Most 
of these test substances exerted more powerful 
inhibitory action on the cholesterol esterase of both 


fractions. However, some differences in the 


behaviour of the nuclear and microsomal cholesterol 
esterase towards a few of these compounds can be 
noticed. Thus calcium chloride, sodium fluoride and 
quinine hydrochloride at 0-5 mm concentrations 


caused relatively more inhibition of the micro- 
somal enzyme. Comparison of the relative inhibi- 
tion of the two esterases revealed that, although 
the effect due to most of these substances was 
similar, calcium chloride and sodium fluoride 
preferentially inhibited the cholesterol esterase. 
Similar patterns of inhibition were obtained with 
vitamin A esterase of rat liver (Seshadri Sastry 
et al. 1957). 

Solubilization. Unlike rat liver, chicken liver 
retained some of its vitamin A-esterase and 
cholesterol-esterase activities on acetone-drying at 
—10°. However, the enzymes could not be ob- 
tained in solution from the acetone-dried powder ; 
the powder itself lost its activities within 48 hr. 
at 0-5°. 

Lissapol-N has been used successfully for solu- 
bilization of aryl sulphatase C of rat liver (Dodgson, 
Rose & Spencer, 1957). In our hands the same 
reagent gave a soluble preparation of the three 
esterases from the nuclear, but not from the micro- 
somal, fraction of chicken liver. The solubilization 
of the nuclear activities by this detergent was 
almost instantaneous, whereas the microsomal 
enzymes remained insoluble even after prolonged 
incubation with the detergent at 37°. Usually the 
nuclei from 1g. of liver prepared according to 
Krishnamurthy et al. (1958) were allowed to stand 
at 0° for 15 min. in 5 ml. of veronal buffer (pH 8-6, 
0-1m) containing 100mg. of Lissapol-N. The 
resulting solution was then centrifuged at 18 000g 
for 2hr. at 0-5°, when a negligible amount of 
sediment was formed. The clear supernatant con- 
tained both activities in solution. 

The Lissapol treatment led to a marked activa- 
tion of the cholesterol esterase, but not of the 


26-2 
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vitamin A esterase (Table 5). Similar activating 
effects of detergents on other enzymes, such as 
aryl sulphatase C (Dodgson et al. 1957) and rabbit- 
muscle phosphorylase (Cowgill, 1955), are known. 


Separation of vitamin A esterase, cholesterol 
esterase and common esterase 


Ammonium sulphate fractionation. The Lissapol 
extracts of chicken-liver nuclei were dialysed 
against frequently changed cold water at 0° for 
12 hr. Solid ammonium sulphate was then added 
so as to obtain the desired saturation, as given in 
Table 6, and the mixture was allowed to stand for 
15 min. at 0°. The precipitate was centrifuged at 
0°, redissolved in cold water and dialysed against 
cold water for 12 hr. The fraction obtained between 
28-5% and 37:5% saturation of ammonium sul- 
phate contained 66-6 % of the original vitamin A- 
esterase activity, whereas nearly 60% of the 
common esterase was recovered from the fraction 
above 50% saturation. The cholesterol-esterase 
activity, on the other hand, was not in any particular 
fraction, but 72% of it was recovered on recom- 


Table 5. Effect of Lissapol-N on vitamin A esterase 
and cholesterol esterase of chicken-liver nuclei 


Nuclear suspension (1 ml., representing 50 mg. of the 
original tissue on wet-weight basis) was incubated with 
1 ml. of veronal buffer (0-1m, pH 8-6) containing the given 
amounts of Lissapol-N for 30 min. at room temperature. 
Buffer (7 ml.; pH 8-6 for vitamin A esterase and 8-2 for 
cholesterol esterase) and 1 ml. of the substrate were then 
added and incubated for 20 min. with vitamin A acetate 
and for 1 hr. with cholesterol acetate. 


Percentage activation (+) 
or inhibition ( —) 





Lissapol-N 


added Vitamin A Cholesterol 
(mg.) esterase esterase 
5-0 +43 + 25-0 
10-0 0-0 + 29-2 
15-0 -4:3 +33-3 
20-0 0-0 +33-3 
25-0 — 13-0 +41-7 





Table 6. 


P. SESHADRI SASTRY AND J. GANGULY 


1961 


bining all the fractions (Table 6). However, 


combination of any two fractions did not yield any | 


significant activity. According to Nieft & Deuel 
(1949), two factors are involved in the hydrolysis 
of cholesterol esters by intestinal enzymes of rats. 
It seems probable that more than one factor might 
be required for the liver enzyme as well. 
Electrophoresis. The Lissapol solution, concen- 
trated to half its volume, was subjected to electro- 
phoresis on agar gels according to Das & Giri (1959) 


Start Cathode 


+0 1 2 3 4 5 
. aon T cr 3 


Distance (cm.) 





400 
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ree cholesterol (ug.) 
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Fig. 10. Electrophoretic separation of vitamin A esterase 
and cholesterol esterase of Lissapol extract of chicken-liver 
nuclei. Conditions were as described in the Materials and 
Methods section, except that veronal buffer (pH 8-2, 0-1) 
was used for cholesterol esterase. Incubations were for 
30 min. with vitamin A esterase and for 3 hr. with chole- 
sterol esterase. 27, Vitamin A esterase; [], cholesterol 
esterase. 


Ammonium sulphate fractionation of Lissapol extract of chicken-liver nuclei 


Conditions of assay were as described in the Materials and Methods section except that incubations were for 
20 min. for vitamin A esterase, 2 hr. for cholesterol esterase and 40 min. for common esterase. 


Fraction Saturation Protein 
no. %) (mg./ml.) 
] 0-0 6-0 
2 25-0 1-8 
3 28-5 0-5 
4 37-5 0-8 
5 50-0 0-8 
6 Above 50-0 2-0 


Combined 2-6 — 


Percentage of original activity 
recovered from precipitate 


r - aan - * 
Vitamin A Cholesterol Common 
esterase esterase esterase 
100-0 100-0 100-0 
2-8 14-7 0-0 
16-6 1-9 0-0 
66-6 3-9 13-3 
11-1 1-9 19-9 
3-7 0-9 59-9 
— 72-0 — 
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for 24 hr. at 0-5° in sodium veronal buffer (pH 8-6, 
I 0-1) with a voltage gradient of 8-4v/em. Maxi- 
mum separation was obtained during this time 
and longer periods resulted in inactivation of the 
enzymes. After the separation the gel was cut into 
lem. segments, which were then separately ex- 
tracted with 5 ml. of veronal buffer (pH 8-6, 0-1m) 
by freezing and thawing, followed by centrifuging 
in the cold. Equal portions of the clear extracts 
were tested for vitamin A-esterase and cholesterol- 
esterase activities; the common-esterase activity 
could not be determined because of the low sensi- 
tivity of the method of assay. Fig. 10 shows that it 
is possible to separate the two esterases and that 
the vitamin A esterase consistently moved more 
towards the cathode than did the cholesterol 
esterase. 


DISCUSSION 


Much confusion exists in the literature about the 
identity and _ specificity of various esterases. 
Major difficulties have been solubilization and 
purification of the enzymes, and devising suitable 
methods of preparation of appropriate substrates 
and assay conditions. Some inhibitors, such as 
physostigmine, have proved useful for the identi- 
fication of choline esterase (Richter & Croft, 1942). 
More recently organophosphorus compounds have 
been used for the classification of esterases in 
general. Aldridge (1953) classified the esterases 
into A and B types, based upon their response to 
the organophosphorus compounds. Techniques of 
differential inactivation have been employed by 
other workers for identification of some of the 
esterases, such as choline esterase (Richter & 
Croft, 1942), cholesterol esterase (Fodor, 1950; 
Swell, Dailey, Field & Treadwell, 1955) and 
vitamin A esterase (Seshadri Sastry et al. 1957). 

The earlier work on the specificity of esterases 
was largely based on _ selective-inhibition and 
differential-inactivation studies, and attempts at 
actual separation were very few. Probably the 
most noteworthy work was by Augustinsson 
(1958), who successfully separated the A-, B- and 
C-type esterases of plasma by electrophoresis. 

The present work strongly suggests that the 
three esterase activities are not due to the same 
enzyme. Thus the studies with rat liver reveal the 
following important points of difference between 
the three activities. The relative rates of hydrolysis 
of vitamin A acetate and cholesterol acetate were 
significantly different, the former substrate being 
hydrolysed at about twelve times the rate of the 
latter by the same enzyme preparation. The pH 
optima for the hydrolysis of vitamin A acetate were 
at pH 6-6 and 8-6, as against only one at pH 7-4 for 
the sterol ester. Aging and heat-inactivation 
experiments have shown that the vitamin A 


STUDIES ON VITAMIN A ESTERASE 


405 


esterase is more labile than are the others; acetone- 
treatment, on the other hand, abolished both 
vitamin A esterase and cholesterol esterase but not 
the common esterase. The vitamin A esterase 
increases its activity with age in both sexes, where- 
as the cholesterol esterase did not show a pro- 
portional increase. The strikingly different energies 
of activation of vitamin A esterase and cholesterol 
esterase would provide additional support for their 
non-identity. Finally, various inhibitors were able 
to differentiate clearly the common esterase from 
the other two, because most of them preferentially 
inhibited the activities of the last-named, whereas 
the common esterase was resistant. It is significant 
that the hepatic vitamin A esterase and cholesterol 
esterase are sulphydryl enzymes, whereas the 
common esterase is not, as shown by the behaviour 
towards p-chloromercuribenzoate and iodoacetic 
acid. 

These conclusions have been further substan- 
tiated by observations on chicken liver. Thus 
Lissapol markedly activated the cholesterol 
esterase of the nuclear fraction, but not the vitamin 
A esterase. On ammonium sulphate fractionation 
of soluble preparations from the nuclei the vitamin 
A esterase and common esterase were obtained in 
two widely separated fractions; the cholesterol 
esterase, on the other hand, was not in any single 
fraction (although it could be largely recovered by 
recombining the fractions). Further, by subjecting 
a similar soluble preparation to electrophoresis, 
vitamin A esterase and cholesterol esterase could 
be separated. Although any single criterion pre- 
sented here may not be enough to establish 
the specificity of the three esterases, when all 
the points are considered together, the evidence 
seems to support the conclusion that the three 
esterases are distinct enzymes. 


SUMMARY 


1. Vitamin A esterase, cholesterol esterase and 
common esterase of rat and chicken liver were 
compared with vitamin A acetate, cholesterol 
acetate and ethyl butyrate as substrates. 

2. Vitamin A acetate was hydrolysed by rat liver 
twelve times as fast as cholesterol acetate; the pH 
optima for the former were at pH 6-6 and 8-6, with 
the maximal activity at pH 8-6, and for the latter 
the optimum pH was 7:4. K,, values were 0-22 and 
0-4mm and the energies of activation were 
11 540 cal./mole 15 680 cal./mole for the 
respective substrates. 

3. Several metal ions, alkaloids and arsenicals 
have shown comparable inhibitory effects 
vitamin A esterase and cholesterol esterase of 
rat liver. Organophosphorus compounds inhibited 
all three esterases; p-chloromercuribenzoate and 


and 


on 
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iodoacetic acid inhibited the vitamin A esterase and 
cholesterol esterase, but not the common esterase. 

4. The vitamin A esterase of rat liver was more 
labile towards aging and heat, and the other two 
esterases were more stable. Acetone-drying at 
0—5° preferentially destroyed vitamin A esterase and 
cholesterol esterase, but not the common esterase. 

5. The vitamin A esterase of nuclear and micro- 
somal fractions of chicken liver had similar pH 
optima at pH 6-6 and 8-6, with maximal activity 
at pH 8-6, and their K,, values were 0-19 and 
0-3m™ respectively. The cholesterol esterase of 
both sources had the same pH optimum at pH 8-2, 
and their K,, values were 0-28 and 0-15m™M 
respectively. 

6. The three esterase activities of the nuclear, 
but not of the microsomal, preparation from chicken 
liver were solubilized by Lissapol-N ; the detergent 
activated the nuclear cholesterol esterase, but not 
the vitamin A esterase. 

7. Ammonium sulphate fractionation of the 
Lissapol extract gave 666% of the original 
vitamin A-esterase activity in the fraction between 
28-5 and 37:-5% saturation, whereas 60% of the 
common esterase was recovered from the fraction 
above 50% saturation. No single fraction gave the 
cholesterol-esterase activity, but on recombination 
of all fractions 72% of the original activity was 
recovered. 

8. On electrophoresis of a Lissapol extract of 
chicken-liver nuclei on agar gel vitamin A esterase 
and cholesterol esterase could be separated. 

9. Itis suggested that the three activities are due 
to distinct enzymes. 

The authors wish to thank Dr 8. Y. Thompson of the 
National Institute for Research in Dairying, Reading 
(U.K.) for kindly procuring the organophosphorus com- 
pounds. Financial assistance from the Indian Council of 
Medical Research, New Delhi, is gratefully acknowledged. 
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The Effects of X-Irradiation in Solution on the Kinetic, Sedimentation 
and Fluorescent Properties of Glutamic Acid Dehydrogenase 


By 8. J. ADELSTEIN* anp LORNA K. MEE 
Department of Radiotherapeutics, University of Cambridge 


(Received 27 October 1960) 


Investigators of the effects of ionizing radiation 
on enzyme solutions generally assume that the 
result of the interaction is an all-or-none loss of 

* Moseley Travelling Fellow, Harvard University, 
1958-59. Present address: Department of Anatomy, 


Harvard Medical School, Boston, Massachusetts, U.S.A. 


enzymic activity. This tacit assumption fails to 
recognize that a change in the measured velocity 
of an enzymic reaction can also reflect a partial loss 
in functional activity. Studies of the kinetics of 
X-irradiated chymotrypsin show changes in the 
Michaelis constant and the maximum activity, 
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indicating that both the affinity for the ester sub- 
strate and the overall rate of the reaction are 
modified (Mee, 1958). These results suggest that 
changes in enzymes produced by irradiation may be 
more subtle than has previously been appreciated. 

Glutamic acid dehydrogenase is a mitochondrial 
pyridine nucleotide-dependent enzyme known to be 
sensitive to irradiation in solution (Héhne, 
Kiinkel & Maass, 1955). Its kinetic, sedimentation 
and fluorescent properties have been characterized 
(Frieden, 1959a,b,c; Winer & Schwert, 1958). 
This paper provides an explicit statement of the 
possible changes produced by irradiation on the 
experimentally measurable kinetic parameters of 
glutamic acid dehydrogenase and relates the 
observed changes in enzyme kinetics to certain 
structural properties. 


THEORETICAL 


Assume that an initial total concentration of 
enzyme, EH,, is characterized by constants K, 
(Michaelis constant) and V,, (maximum velocity) 
with respect to substrate s. Irradiation may then 
produce at pe three other species of enzyme: 
E,(Ke, Vy), E3(K,, V.) and #,(K,, V,) in addition 
to the original species H,(K,, V,). H; designates the 
total concentration of enzyme species 7. The over- 
all velocity, v, is given by 

V,£, VB, 


Vey . Velle 


“ et, 
1+K,/s 1+K,/s 1+ Ket 14+ Kp ” 


where V,, = EyV,. In terms of reciprocal velocity 


and reciprocal substrate concentration this re- 
duces to 


1 +(K,+K,)/s + (K,K,)/s* 





0 V,(E,+E,) + V_(Ey+E,) 
+[((V, HE, + V.H;) Ke+ (Vi, + V2H,) K,)/s 
(2) 
Let « = H,/Ey, B = E,/Ey, y = E;/Ey, and since 
E, = £,+#,+2£,+H, then (l—«—B-—y) = E,/Ey. 
Equation (2) may then be written 
1 1 1+ (K,+ K,)/s + (K, K,)/s* 
v ay (a+ B) Vi +( ——- Vz ee a eal a. 
+[BV,+(1—a—B—y) V2] Ky/s 
(3) 
Inspection of equation (3) indicates that plots of 
1/v against 1/s are hyperbolic, rather than linear, 
with two branches, one wholly, and the other 
partly, imaginary. A few representative curves of 
this type have been given by Dixon & Webb (1958). 
At 1/v = 0 the two branches cut the abscissa 
at —1/K, and —1/K, respectively. At 1/s = 0 the 
real part of the curve crosses the ordinate at 
1 1 


Ey («+ B) J a+ (1—«—8) Ve 
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Special case 1: irradiation affects K but not V. 





h,= 2, = 0 
1 1 1+(K,+K,)/s+(K,K,)/s* (4) 
v V,Ey 1+[eK,+(1—«) Kj]/s 


The trace of these hyperbolic functions will depend 
upon the values of K, and K, as well as the pro- 
portion of original enzyme, «. In this case, curves 
of differing slope cross the ordinate at a common 
intercept 1/V, Ly = 1/Vm. 

Special case 2: irradiation modifies K or reduces 
V to zero. 

1 1 1+(K,+K,)/s+(K,K,)/s’ (5) 
a+B+(aK,+BK)/s 
These curves intercept the ordinate at 1/(«+ B)V i»: 
a point which is determined by the relative concen- 
tration of unirradiated and K-modified enzyme 
remaining. With increasing doses of radiation this 
value of the intercept increases continuously and 
does not converge on a finite value of 1/V,. At low 
substrate concentrations, the reciprocal velocity 
will approach the linear asymptote 


a Fe 














1 ~ i f aK + BRA Ky, Ky I (6) 
v ~ Vm \[aKe+BK,P [aK,+ BK,] 8 
crossing the abscissa at 
. _ of K+ B/Ki_ 1 (7) 
8 a/K,+B/K, Km 


The observed Kj in this instance will be an average 
value weighted according to equation (7) and 
depending upon the relative concentration of H, 
and £, as well as the values of K, and Ky. 
Special case 3: irradiation reduces V but does not 
affect K; HE, = E, = 0. 
1 1 


[“eaguacau UC 


a) Vo] 


In this case, straight lines of different slope cross 


the abscissa at a common intercept 1/s = —1/K,. 
In the instance that V, = 0 
1 1 
- = —— {1+K,/s}. (9) 
v aVin 


This form of inactivation, depending only upon the 
relative concentration of undamaged enzyme, «, 
has implicitly been assumed in most earlier in- 
vestigations. When s is held constant the velocity 
becomes proportional to «. 


EXPERIMENTAL 


Materials. Glutamic acid dehydrogenase was 
obtained as crystals suspended in sodium sulphate— 
potassium phosphate from C. F. Boehringer und 
Séhne GmbH., Mannheim, Germany. Before use 
the enzyme was dialysed three times against 100 vol. 
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of 0-05m-potassium phosphate, pH 7-6; these pre- 
parations were homogeneous by ultracentrifuge 
analysis. Diphosphopyridine nucleotide (DPN) 
and reduced diphosphopyridine nucleotide (DPNH) 
were also obtained from C. F. Boehringer und 
Séhne. The DPN was more than 96% pure, as 
measured by addition of cyanide (Colowick, 
Kaplan & Ciotti, 1951). The E69 ,4,,/E340 my, Tatio of 
the DPNH was 2-6. Reagent-grade glutamate, «- 
oxoglutarate, glutarate, succinate and o-, p- and 
m-phthalate were obtained from the British Drug 
Houses Ltd. 

Enzyme assays. These were carried out at pH 7-6 
in 0-08Mm-potassium phosphate buffer with 3 ml. 
total volumes. The substrate and coenzyme concen- 
trations were varied as indicated in the text. For 
the oxidation of DPNH 4 yg. of enzyme was added 
to start the reaction; for the reduction of DPN 
40 ug. of enzyme was employed. Velocities were 
calculated as the change in E at 340 mp/5 min. at 
20°; the velocities were constant over this time 
interval. 

Ultracentrifuge determinations. A Spinco model E 
analytical ultracentrifuge was employed for the 
sedimentation analyses. The enzyme was dialysed in 
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pH 7-3 buffer of the following composition: 
0-:05m-NaCl, 0-015mM-Na,HPO,, 0-005mM-KH,PO,. 
It was centrifuged at 135 000g. The rotor tempera- 
ture of the several runs varied from 15° to 20°. The 
sedimentation coefficients were corrected to water 
at 20°. 

Fluorescence measurements. The initial fluor- 
escence measurements were made with a mercury- 
arc source, a quartz-cuvette set in a water bath and 
a photomultiplier set at 90° to the incident beam 
and attached directly to a galvanometer. The 
incident radiation was rendered parallel by a 
quartz lens and the 365 my line was isolated with 
a Chance filter; the emitted light was passed 
through a Wratten B, filter before striking the 
photomultiplier in order to minimize the scattered 
light. Under these circumstances a negligible 
deflexion was obtained with the protein solutions 
alone. This apparatus and the ultracentrifuge 
were made available through the kindness of 
Dr P. Johnson, Department of Colloid Science. 
Fluorescent measurements at other wavelengths of 
incident radiation were also made through the 
courtesy of Dr G. Weber, University of Sheffield. 
A low-pressure mercury source was employed and 
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Fig. 1. Effect of irradiation on glutamic acid-dehydrogenase kinetics: substrates. (A) Reciprocal velocity 


(1/v) x V,, against reciprocal glutamate concentration. Standard reaction mixture with 0-63 mm-DPN. 
(glutamate): @, unirradiated (1-0 mm); O, 3500 r. (1-9 mm); A, 4700 r. 


polation of the linear portions gives K 
(2-5 mm); A, 9500 r. (3-3 mm). 
against reciprocal «-oxoglutarate concentration. 
oxoglutarate): @, unirradiated (0-31 mm); O, 
irradiated; V,, 0-103. 


m 


m 


Enzyme (380yg./ml.) irradiated; V,, 
Standard reaction mixture with 0-13 mmM-DPNH. Ky, («- 
900 r. (0-46 mm); A, 


Extra- 
0-083. (B) Reciprocal velocity x V,, 


1800 r. (0°87 mm). Enzyme (40,g./ml.) 
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the incident wavelengths were isolated with a 
grating monochromator. The apparatus has been 
described (Weber, 1960). 

Irradiations. These took place in Pyrex vessels 
with 210 kv peak unfiltered X-rays. The dose rates 
were 4000-8000 r./min. The irradiation vessels 
were calibrated dosimetrically by measuring the 
oxidation of ferrous ammonium sulphate (Haybittle, 
Saunders & Swallow, 1956). The enzyme was sus- 
pended in 0-05m-phosphate buffer, pH 7-6, and 
irradiated at 20-30° at a concentration of less than 
10mg./ml. so that the effects were due primarily 
to the solvent radicals. 


RESULTS 
Kinetic studies 

The effects of X-irradiation on the Michaelis con- 
stants and the maximum velocities of glutamic 
acid dehydrogenase for glutamate, «-oxoglutarate, 
DPN and DPNH were determined by examining 
reciprocal velocities as a function of reciprocal 
substrate and coenzyme concentrations. The plots 
of these are shown in Figs. 1 and 2 for glutamate, 
a-oxoglutarate and DPN, DPNH respectively. 
Irradiation produces an increase in K;, for the 
substrates and a decrease in V. It produces a 
decrease in V for the coenzymes without change in 
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Ky. The hyperbolic shape of the glutamate plot, 
as evident at high substrate concentration (Fig. 1A), 
is in accord with theory and indicates that at least 
one additional, enzymically active species of the 
enzyme has been created by the irradiation. In- 
spection of Fig. 1 (A) indicates that changes in K, 
for glutamate are apparent before a significant 
decrease in V is manifest. The hyperbolic shape of 
the reciprocal velocity and substrate plot is not 
evident for «-oxoglutarate (Fig. 1B), but this 
substrate inhibits the enzyme at the high concen- 
trations that would be required to exhibit the 
deviation from linearity. 

The increase in K,, for glutamate observed could 
be explained by a modification of the binding site 
for glutamate as a result of irradiation. The pro- 
perties of this site have been studied with di- 
carboxylic analogues of glutamic acid as inhibitors of 
the enzyme (Caughey, Smiley & Hellerman, 1957). 
Considering the distance between the hydrogen 
atoms of the two carboxyl groups, the most potent 
member of each analogous series has been shown to 
have the mean interproton distance which most 
closely approximates to that of glutamic acid, 
which is 7-454. Members with a smaller or larger 
interproton distance are less effective. The binding 
site of glutamate was, consequently, said (Caughey 
et al.) to include two cationic centres on the 
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Fig. 2. Effect of irradiation on glutamic acid-dehydrogenase kinetics: coenzymes. (A) Reciprocal velocity x V,, 
against reciprocal DPN concentration. Standard reaction mixture with 10 mm-glutamate. K;, (DPN) 0-31 mm; 
Vm 0125. @, Unirradiated; O, 9500 r.; A, 15 000r. (B) Reciprocal velocity x V,, against reciprocal DPNH 
concentration. @, Unirradiated; ©, 900 r.; A, 1800 r. Standard reaction mixture with 1-2 mm «-oxoglutarate. 


K; (DPNH) 0-17 ma; V,, 0-222. 
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protein, separated by 7-454, which match the 


anionic carboxylate groups of the substrate. If 


irradiation modifies the protein structure so that 
the geometric relationship of the cationic centres is 
disturbed, this should be reflected in the relative 
potency of the dicarboxylic acid inhibitors. In 


Table 1, the relative potency of the members of 


two series of analogue inhibitors are compared with 
respect to both irradiated and unirradiated en- 
zyme. The published interproton distances of the 
inhibitors are also given. It is apparent that the 
irradiated enzyme does not differ from the un- 
irradiated with respect to inhibitor effectiveness, 
although K,, for glutamate is increased by three 
times as a result of irradiation. This is inconsistent 
with any great modification in the distance of the 
proposed cationic centres being the cause of the 
observed increase in K,;,. 
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Ultracentrifuge studies 


The kinetic molecular unit of glutamic acid de- 
hydrogenase has a molecular weight of 10°. This 
large unit is dissociated by DPNH, adenosine tri- 
phosphate and the metal-chelating agent 1:10- 
phenanthroline (Frieden, 1959a, b). Dissociation of 
the enzyme is accompanied by loss of activity. Aden- 
osine diphosphate promotes the reconstitution of the 
units dissociated by DPNH and restores activity. 

The effects of irradiation on the sedimentation of 
glutamic acid dehydrogenase are demonstrated in 
Fig. 3. Irradiation results in the diminution of the 
single enzyme protein peak and in the appearance 
of slower-sedimenting material. The schlieren 
patterns suggest the formation of at least one 
major slower component. The sedimentation co- 
efficients of the fast and slow components are given 


Table 1. Comparative effectiveness of substrate analogues as inhibitors of irradiated and 


unirradiated glutamic acid dehydrogenase 


Enzyme solution (400 yg./ml.) was irradiated with 15000 r. X-rays. Assay employed a standard reaction 
mixture with 3-3 mm-glutamate and 0-63 mm-DPN. Results are given as percentage of the initial uninhibited 
activity of both irradiated and unirradiated enzyme. The maximum velocity of the irradiated enzyme was 0-36 
of that of the unirradiated. K;; for glutamate of the unirradiated enzyme was 0-95 mm; for the irradiated enzyme 
Kj was 2-7 mm. The interproton distances are taken from Caughey, Smiley & Hellerman (1957). 


Percentage of 





Interproton uninhibited activity 
distance ~ = 
Reagent (mm) (A) Unirradiated 15 000 r. 

isoPhthalate (1-8) 42 45 
Phthalate (60-0) 63 65 
Terphthalate (50-0) 48 50 
Glutarate (2-0) 45 47 
Succinate (32-0) 46 47 











- 
(C) 22-9, 12-9 
(8) 25-8, 18-3 
(A) 
26-6 





Fig. 3. Effect of irradiation on the sedimentation of glutamic acid dehydrogenase. Enzyme (6 mg./ml.) 
irradiated and placed in the ultracentrifuge cell. (A) Unirradiated enzyme, maximum enzymic velocity 100%. 
(B) 100 000 r., maximum velocity 55%. (C) 180000 r., maximum velocity 38%. Activities were measured 
as described in Table 2. The sedimentation coefficients refer to the main and secondary peaks. Rotor tempera- 
ture (A) and (B) was 20-6°; for (C) it was 16-0°. Sedimentation was from right to left; photographs were taken 
at 8 min. intervals. 
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in the Figure legend. These correspond with those 
observed when the enzyme is dissociated by high 
concentrations of DPNH (Frieden, 1959a). In 
addition, at high X-ray doses, very rapidly sedi- 
menting material also appears and indicates that 
aggregation as well as splitting is promoted by the 
irradiation. This rapidly sedimenting material is 
assumed to be protein that has received multiple 
radical attack. 

The values of the corresponding maximum 
enzyme velocities are also given in the legend of 
Fig. 3. Coincident with the diminution in the main 
protein peak there is a significant decrease in 
enzymic activity. Thus there is a strong correlation 
of structural modification with functional impair- 
ment. Unlike the splitting and inactivation caused 
by DPNH, the addition of adenosine diphosphate 
to the irradiated, split enzyme does not restore 
activity. 4 

Fluorescence studies 

The addition of glutamic acid dehydrogenase to 
DPNH enhances the fluorescence of the latter 
compound and shifts the peak to shorter wave- 
lengths (Winer & Schwert, 1958). This fluorescence 
can be obtained with excitation wavelengths in the 
region of 340 my, the broad absorption band of the 
reduced coenzyme. In addition, the fluorescence of 
DPNH can be obtained by exciting the enzyme-— 
coenzyme complex at 280 mp, where the trypto- 
phan and tyrosine groups of the protein absorb 
strongly. This has been shown for lactic dehydro- 
genase (Velick, 1958) and we have observed the 
same for glutamic acid dehydrogenase. These latter 
observations imply that there is a transfer of 
elecironic energy from the protein to the bound 
coenzyme. Heating lactic dehydrogenase destroys 


Table 2. 


IRRADIATION OF GLUTAMIC DEHYDROGENASE 
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the enzyme’s ability to enhance the coenzyme 
fluorescence (Shifrin, Kaplan & Ciotti, 1959). 

X-irradiation of glutamic acid dehydrogenase in 
solution (in the absence of coenzyme), reduces the 
ability of the enzyme-—protein to enhance the 
fluorescence of DPNH (Table 2). This is observed 
whether the coenzyme is excited directly at 365 my 
or indirectly at 280my. The decrease in this 
fluorescence is closely paralleled by the loss in 
maximum enzyme velocity, V, and suggests a 
relationship between electronic and catalytic 
integrity. Irradiation with the same doses did not 
significantly change H at 279 my of the protein or 
the fluorescence polarization of the enzyme— 
DPNH mixture. 

The addition of glutamate to the enzyme-— 
DPNH complex further increases the coenzyme 
fluorescence (Winer & Schwert, 1958). Conse- 
quently, the effect of enzyme irradiation on this 
additional fluorescence was explored in doses which 
produced increases in K;, for glutamate. The results 
are given in Table 3. Addition of 0-4 mm-glutamate 
increased the fluorescence by 1-3 times and 4 mm- 
glutamate increased it by 2-7 times in all instances. 
Irradiation of the protein has no effect on the 
relative increase of fluorescence due to the addition 
of glutamate to the enzyme—coenzyme complex, 
although K, is modified. 

In addition to augmenting the fluorescence of 
bound DPNH, native dehydrogenases generally 
exhibit an intrinsic fluorescence in the region of 
340 mp when excited at 280 my (Velick, 1958). 
The intrinsic fluorescence of glutamic acid dehydro- 
genase was measured after doses of X-irradiation 
which diminish the fluorescence of the enzyme- 
DPNH complex. Data are shown in Table 4. 


Effect of X-irradiation on the capacity of glutamic acid dehydrogenase to enhance 


the fluorescence of reduced diphosphopyridine nucleotide 


Enzyme solution (1-8 mg./ml.) was irradiated. Fluorescence cuvette (A) (exciting wavelength 280 my) 
contained 0-5 ml. of enzyme, 0:1 ml. of 0-1 mm-DPNH and 1-5 ml. of 0-05m-potassium phosphate buffer, pH 7-6. 
Fluorescence cuvette (B) (exciting wavelength 365 my) contained 2-0 ml. of enzyme, 0-5 ml. of 0-1 mm-DPNH 
and 8-0 ml. of phosphate buffer. Isolated measurements of enzyme and DPNH were subtracted from the total 
galvanometer deflexion to obtain the additional fluorescence resulting from their mixture. The adjusted galvano- 
meter deflexion for unirradiated enzyme plus DPNH was designated 100%. H was measured at 279 my before 
and after irradiation. Maximum velocity was measured with 0-63 mm-DPN in a standard reaction mixture 


containing various concentrations of glutamate. 


Maximum 


Dose velocity Fluorescence Fluorescence 
(r.) Fog my %) (%) polarization 
(A) Exciting wavelength 280 mp 
0 1-74 100 100 0-20 
50 000 1-86 47 45 0-21 
160 000 1-95 5 ~0 — 
(B) Exciting wavelength 365 my 
0 1-80 100 100 0-24 
40 000 1-86 73 68 0-23 
90 000 —_— 25 27 ~- 
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Table 3. Effect of enzyme irradiation on the augmentation of reduced diphosphopyridine nucleotide 
fluorescence when glutamate is added to glutamic acid dehydrogenase plus reduced diphosphopyridine 


nucleotide ; comparison with Kz, (glutamate) 


Same conditions as described in Table 2. A;; (glutamate) was determined as described in Fig. 1 (A). F enzyme- 
DPNH is the fluorescence of enzyme plus DPNH adjusted for the fluorescence of free enzyme and free DPNH. 
F enzyme-~DPNH-glut. is the adjusted fluorescence of enzyme plus DPNH plus glutamate. Two concentrations of 


glutamate were employed: G, = 0-4 mm and G@, = 4 mm. 


Dose Kx (glutamate) F enzyme-DPNH-glut. 
(r.) (mm) F enzyme-DPNH F enzyme-DPNH-zglut. F enzyme—DPNH 
(A) Exciting wavelength 280 my 
0 1-0 37-5 49-5 (G,) 1-3 
98-5 (Ge) 2-6 
50 000 23 17-0 24-3 (G;) 1-4 
45-7 (G.) 2-7 
(B) Exciting wavelength 365 my 
0 1-0 10-8 14-3 (G,) 1:3 
27-8 (Ge) 2:7 
40 000 2-3 7:3 9-6 (G,) 1:3 
18-5 (G) 2-5 
90 000 2-6 2-9 4-0 (G,) 1-4 
8-1 (Ge) 2-8 


Table 4. Effect of irradiation on the intrinsic protein 
fluorescence of glutamic acid dehydrogenase 
Same conditions as described in Table 2 except that 


DPNH was omitted from the fluorescence cuvette. The 
fluorescence of unirradiated enzyme was designated 100%. 


Maximum 
Dose velocity Fluorescence 
(r.) (%) % 
0 100 100 
50 000 47 91 
160 000 5 79 





Unlike the enhanced fluorescence, the intrinsic 
protein fluorescence is not markedly altered by 
these doses, which also decrease the maximum 
enzyme velocity. 


DISCUSSION 


The mathematical statements for the effect of 
radiation on the experimental kinetic parameters 
K and V demonstrate that a number of distinct 
mechanisms can be responsible for any inactiva- 
tion observed. The elucidation of the mechanisms 
requires a careful evaluation of the kinetic para- 
meters; the usual determination of irradiated 
enzyme activity at a single substrate concentration 
is inadequate. If the concentration of substrate 
employed is less than optimum and a change in 
K;, has been effected the sensitivity of the enzyme 
will appear falsely high. If, on the other hand, 
optimum substrate concentration is employed, a 
change in K, brought about by irradiation will not 
be recognized. For example, after 9500 r. glutamic 
acid dehydrogenase that is assayed with 1-l1mm- 
glutamate retains 20% of its activity; the same 


enzyme assayed in 11 mm-glutamate has 40% of 
the activity of the control (Fig. 1A). It is desirable 
to determine the influence of irradiation on the 
relative values of the kinetic parameters before 
investigating the dose-response relationship. 

Irradiation increases K, for the substrates 
glutamate and «-oxoglutarate. The changes in Ky 
for glutamate appear before a significant decrease 
in V (Fig. 1A). This implies that either an ordered 
sequence of inactivation is obeyed (namely, 
E, > E, > E,) or that the efficiency for modifying 
K is greater than that for decreasing V. The 
distribution of the three enzyme species calculated 
from Fig. 1 and equation 7 is given in Fig. 4. The 
equation was derived with the assumption that 
each effective ionization either increases K to form 
the species EH, or reduces V to zero to form the 
species H,. The data indicate that the production of 
E, precedes that of H, by a considerable margin. 
On the other hand, the results do not preclude a 
more complex reaction sequence involving several 
Michaelis constants and several maximum velo- 
cities. A different susceptibility of two separate 
sites on the enzyme surface to radical attack or an 
ordered sequence could be responsible for the 
divergent responses. 

The detailed kinetics of glutamic acid dehydro- 
genase (Frieden, 1959c) involve three substrates 
and two coenzymes, and are too complex to 
enable the increases in K; to be ascribed to any 
single specific change in the individual rate con- 
stants. Nevertheless, it is tempting to assume that 
the increase in Ky represents decreased substrate 
affinity. However, irradiation fails to modify the 
additional fluorescence which glutamate imparts to 


' 


~_ 





eo 


at = Ohl hl hu lol oe & © wee le & Oo 


ate at fh tt fed Gee eate 


ah as 








961 


otide 
dine 


lro- 
ites 

to 
iny 


on- 
hat 
ate 
the 
3 to 





—— 


~~ 





Vol. 80 
100 


50 


= 
oO 


-_ 


2 
wn 


Percentage of enzyme species EF; 





0 2 4 6 S 2 1 4G 
X-ray dose (kr.) 


Fig. 4. Distribution of enzyme species during irradiation. 
Calculated from data in Fig. 1 and equation 7, and assum- 
ing that irradiation modifies K or decreases V to zero. 
@, £,, unirradiated enzyme with constants K, and V,; 
O, H;, irradiated enzyme with constants K, and V,; A, 
E,, irradiated inactive enzyme with V, 0. K, 1-0 mm and 
K, 3-5 mM. 


the enzyme-DPNH mixture, even at limiting 
glutamate concentrations (Table 3). Assuming 
that this additional fluorescence is due to the 
formation of a ternary enzyme~-DPNH-glutamate 
complex, it is evident that observed increases in 
K, for glutamate are not accounted for on the 
basis of reduced substrate affinity alone. This is 
supported further by the failure of irradiation to 
change the relative effectiveness of the substrate 
analogue inhibitors (Table 1). 

X-rays appear to promote the splitting of the 
large glutamic acid dehydrogenase molecule in 
parallel with a reduction in maximum activity 
(Fig. 3). Irradiation has also been shown to affect 
the sedimentation of other proteins. Snail haemo- 
cyanin, molecular weight 9 x 10°, is split by the 
direct action of radiation into units of half that 
molecular weight (Svedberg & Brohult, 1938; 
Pickels & Anderson, 1946). The influence of 
irradiation on the oxygen-binding capacity of 
haemocyanin in relation to its molecular weight 
has not been studied. When serum albumin and 
haemoglobin are irradiated with «a-particles in 
solution, the materials become polydisperse, with 
the appearance of both faster and slower components 
in the ultracentrifuge pattern (Brohult, 1940). 
y-Irradiation of serum albumin in solution leads only 
to aggregation (Rosen, Brohult & Alexander, 1957). 
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The mechanisms by which irradiation effects the 
splitting of glutamic acid dehydrogenase and its 
inactivation are not known. Presumably the bonds 
responsible for the gross structural integrity are 
sensitive to attack by the radicals formed in solu- 
tion. Independently, the metal-chelating agent 
1:10-phenanthroline is capable also of splitting the 
enzyme with loss of activity (Frieden, 1959b). As 
glutamic acid dehydrogenase contains zinc and 
depends upon the metal for its catalytic, as well as 
structural, stability (Adelstein & Vallee, 1958), it is 
tempting to speculate that radicals attack sul- 
phydryl or other groups which bind zinc to the 
apoenzyme. 

Irradiation not only changes the sedimentation 
behaviour of glutamic acid dehydrogenase but 
modifies the electronic properties as well. The 
ability of the enzyme to augment the fluorescence 
of DPNH is destroyed coincident with the loss of 
enzymic activity. It is natural to ascribe the loss of 
this property to failure in DPNH-binding (Fisher 
& McGregor, 1960). However, the fluorescence 
polarization of DPNH is the same on the addition 
of irradiated or of unirradiated enzyme. If the 
enzyme had lost its ability to bind DPNH a return 
of the polarization toward that of free DPNH 
would be expected. The loss of fluorescence en- 
hancement would also be expected if the optically 
absorptive groups of the protein were destroyed. 
The relative constancy of the 279 my absorption 
before and after irradiation, as well as the preser- 
vation of the intrinsic protein fluorescence, elimin- 
ates this possibility. It seems most likely that the 
loss of ability to augment DPNH fluorescence is 
due to some modification in the protein structure 
induced by the irradiation. 

In contrast with this, the intrinsic fluorescence 
of glutamic acid dehydrogenase excited at 280 my 
is not markedly altered by doses of radiation 
which drastically decrease the enzyme activity. 
On the other hand, it has been shown for at least 
one other dehydrogenase that concentrated urea 
solutions destroy the intrinsic fluorescence of the 
protein coincident with loss of activity (Shifrin 
et al. 1959); this implies that enzyme activity and 
a part of the intrinsic fluorescence depends upon 
the integrity of the secondary structure. 

The various fluorescence studies suggest that 
important alterations in the tertiary structure of 
glutamic acid dehydrogenase are brought about as 
the result of irradiation. Disulphide linkages, 
metal-ion bridges and the general stabilization 
of structure due to electrostatic forces would all 
seem to be susceptible (Linderstrom-Lang & 


Schellman, 1959), but identification of the specific 
structural elements which are attacked by the 
aqueous radicals will require further experimenta- 
tion. 


4i4 


SUMMARY 


1. An explicit mathematical statement for the 
effects of irradiation on the kinetic parameters K 
(Michaelis constant) and V (maximum velocity) of 
enzymes is provided. 

2. Irradiation of glutamic acid dehydrogenase, in 
solution, increases K and decreases V for the sub- 
strates glutamate and «-oxoglutarate. V is de- 
creased and K is unchanged for the coenzymes 
diphosphopyridine nucleotide and reduced diphos- 
phopyridine nucleotide (DPNH). 

3. The increase in K for glutamate is not 
associated with a change in the relative inhibitory 
power of dicarboxylic analogues of glutamate. 

4. Irradiation reduces the main protein peak 
seen in the ultracentrifuge and produces slower 
sedimenting material. This is consistent with a 
splitting of the large kinetic molecular unit into 
sub-units. At very high doses rapidly sedimenting 
material, presumed to be aggregates, is produced. 
The decrease in the main component is coincident 
with a decrease in enzymic activity. 

5. Irradiation of the enzyme reduces its ability 
to enhance the fluorescence of DPNH. This is 
observed whether wavelength of the exciting 
light is 365 my or 280 my. The change observed 
parallels a decrease in the maximum velocity, V. 

6. The increase in K for glutamate is not ac- 
companied by a decrease in the augmented DPNH 
fluorescence observed on the addition of glutamate 
to enzyme-DPNH mixtures. The decrease in 
maximum enzyme velocity is not paralleled by a 
marked fall in the intrinsic protein fluorescence. 

7. It is suggested that the primary action of the 
aqueous radicals formed on irradiation leads to 
modification in the tertiary structure of the en- 
zyme with resulting loss in maximum velocity. 
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The Metabolism of Specifically Labelled Glucose in Bovine Ketosis 
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Bovine ketosis in dairy cows is accompanied by 
hypoglycaemia in degrees varying from slight to 
severe. Shaw (1943, 1956) demonstrated that 
glucose tolerance and uptake were normal in the 
mammary gland of ketotic cows. He concluded 


* Present address: Department of Physiology, Uni- 
versity of California, Berkeley. 


that the overall rate of glucose utilization, es- 
pecially by the mammary gland, is not impaired in 
ketosis. Studies with labelled glucose have also 


suggested that the overall rate of glucose meta- 
bolism is not decreased during ketosis (Kronfeld, 
Tombropoulos & Kleiber, 19596). Nevertheless, the 
pathway of glucose catabolism may be abnormal. 
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Black, Kleiber, Butterworth, Brubacher & 
Kaneko (1957) compared the relative contribution 
in normal cows of [1-!4C]glucose and [6-14C]glucose 
to 4C in respired carbon dioxide, glycerol of butter- 
fat, and alanine and serine of milk casein. In 
addition, serine isolated from casein was degraded. 
These authors concluded that normal cows cata- 
bolize glucose mainly by two pathways: the 
classical Embden—Meyerhof glycolytic scheme and 
the hexose monophosphate oxidative pathway. 
The latter pathway accounted for from 37 to 80% 
of the glucose catabolized, depending on the 
metabolic end-product chosen as indicator. The 
relative participation of that pathway in glucose 
catabolism may be altered in bovine ketosis. 

The operation of the hexose monophosphate 
oxidative pathway may be related to lipogenesis. 
Experiments with rat tissues as well as with the 
intact rat show that starvation and diabetes 
reduce lipogenesis (Stetten & Boxer, 1944; Chaikoff, 
1952; Brady & Gurin, 1950; Van Bruggen, 
Yamada, Hutchens & West, 1954) and glucose 
catabolism via the hexose monophosphate oxid- 
ative pathway (Agranoff, Brady & Colodzin, 
1954; Bloom, 1955; Felts, Doell & Chaikoff, 1956). 
Langdon (1957) demonstrated that the conversion 
of acetate into fatty acids requires reduced tri- 
phosphopyridine nucleotide, which is the specific 
hydrogen donor for the conversion of crotonyl- 
coenzyme A into butyryl-coenzyme A. These 
findings have led various investigators (Milstein, 
1956; Siperstein & Fagan, 1957, 1958a,6) to 
postulate that the oxidation of glucose via the 
hexose monophosphate oxidative pathway may 
lead to increased lipogenesis by providing TPNH. 
It is not yet established whether increased oxid- 
ation of glucose 6-phosphate and 6-phosphoglucon- 
ate is the cause of increased lipogenesis or a result 
of accelerated regeneration of TPN* during in- 
creased lipogenesis (Winegrad & Renold, 1958; 
Cahill, Hastings, Ashmore & Zottu, 1958; Brin & 
Yonemoto, 1958; McLean, 1959). 


An association between impaired lipogenesis and 
increased ketogenesis in the diabetic rat was postu- 
lated by Weinhouse (1952), and a similar relation- 
ship was suggested during bovine ketosis (Kronfeld 
& Kleiber, 1959; Kronfeld, Kleiber & Lucas, 
1959a). It is possible therefore that there is a de- 
crease in the participation of the hexose mono- 
phosphate oxidative pathway during bovine 
ketosis with a decrease of lipogenesis. 

The present investigation with ketotic cows was 
undertaken to study the degree of participation of 
the hexose monophosphate oxidative pathway in 
glucose catabolism as well as the utilization of 
glucose for the production of milk constituents. 


EXPERIMENTAL 


Conduct of trial. The trials were conducted in the Orland 
Veterinary Hospital, Orland, Calif., U.S.A. In this area 
bovine ketosis is prevalent. The diagnoses were performed 
by Dr C. Hymas, Dr C. Crenshaw and Dr E. Smith. In 
order to decrease the variability of the results, we selected 
only ketotic cows whose clinical symptoms were similar 
and which had been ketotic for 24-40 hr. before the experi- 
ment began. All cows used in this study were Guernseys. 
Table 1 describes these cows and specifies the amount of 
material injected. 

Materials. [1-14C]Glucose was prepared as described by 
Isbell e¢ al. (1952) by the CaCl, method for the production of 
barium gluconate and mannono-y-lactone. Instead of 
isolating the two epimeric acids at the stage of their 
corresponding salts, the mixture of epimeric hexonic acids 
resulting from the cyanohydrin synthesis was converted 
into a mixture of the corresponding lactones by slow con- 
centration in methyl Cellosolve under a stream of air (Hers, 
Edelman & Ginsburg, 1954). The mixture of lactones in the 
resulting thick syrup was reduced by sodium amalgam in 
oxalate buffer. The Isbell procedure was followed until the 
salt-free sugar solution was collected from the mixed ion- 
exchange column. This solution was concentrated and the 
glucose was separated from mannose by paper chromato- 
graphy on Whatman 3MM filter paper with butanol- 
acetic acid—water as solvent (Partridge, 1948). After 
elution from the paper the glucose solution was tested 
for purity by two-dimensional paper chromatography. 





Table 1. Description of ketotic cows used in the experiments 


[1-14C]Glucose [6-14C]Glucose 
— enn a ( —_—A— =e 
Trial no. XIV XV IX X 
Age (years) 4 6 2-5 2-5 
Weight (kg.) 383 362 347 467 
Week of lactation 5 2 5 8 
Milk yield during experiment (kg./day) 10-9 15-1 13-9 9-2 
Butterfat during experiment (g./100 ml.) 7-71 5-23 5-40 7:36 
Production of CO, during first 3 hr. after 69-48 92-16 59-30 76-78 
injection of labelled glucose (I./hr.) 
Blood sugar (mg./100 ml.) 38-2 32:3 38-3 36 
Blood ketone bodies (total) as acetone 50-4 44-4 39-4 23-78 
(mg./100 ml.) 
Blood acetone and acetoacetic acid 34-4 35-1 13-5 16-00 
(mg./100 ml.) 
Injected dose of 14C (mc) 1-387 0-7295 2-34 2-315 
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Phenol-water and butanol-acetic acid—water (Partridge, 
1948) were used as solvents. Exposure of the developed 
paper chromatogram to X-ray film showed that the iso- 
lated [?4C]glucose was uncontaminated with any other 
M4C-labelled compound. 

[6-44C]Glucose was prepared by the method of Schaffer & 
Isbell (1956). The glucose isolated by crystallization con- 
tained some “C-labelled impurities. Therefore paper chro- 
matography was used as described above as a final purifica- 
tion step. 

Injection. The procedure used for intravenous injection 
of the labelled compound was described by Ralston, 
Kleiber & Smith (1949). 

Respiratory carbon dioxide. The respiratory CO, was 
collected continuously for the first 3 hr., and every hour 
thereafter for an additional 7 hr. The ‘respiration apparatus’ 
used was described by Kronfeld et al. (1959a) and the 
methods used for the collection and “C assay of the 
respiratory CO, were described by Kleiber & Edick (1952). 

Separation of milk constituents. The cows were milked 3, 
10 and 25 hr. after the administration of the labelled com- 
pound. These samples were allowed to stand at 2° for 24 hr. 
and the cream was separated. The skim milk was acidified 
with HCl to pH 4-5-4-7 and the precipitated casein removed 
and purified as described by Black et al. (1957). The 
resultant supernatant was adjusted to pH 5-5 with aq. 
NH, soln. and the albumin removed by filtration, washed 
with water, ethanol and ether and then dried. The filtrate 
containing the lactose was deionized by passage through 
two ion-exchange columns. The resins used were Dowex 50 
(H form) and Dowex 2 (formate), which were washed with 
ethanol and water before use. The eluent containing the 
lactose was concentrated to a thick syrup under reduced 
pressure and the disaccharide was crystallized by adding 
ethanol. Citric acid retained by the Dowex 2 (formate) 
resin was eluted and isolated as described by Lucas, 
Kaneko, Hirohara & Kleiber (1959). 

The butterfat was isolated from the cream as described 
by Gottlieb (1892). 

Glycerol and fatty acids were isolated from butter as 
follows: a sample (5 g.) of butterfat was saponified by treat- 
ment with 50 ml. of 1N-KOH solution in ethanol under 
reflux for 3 hr. Water (about 50 ml.) was added and the 
mixture was extracted three times with ether to remove the 
non-saponified lipids. Excess of cupric sulphate was added 
to the aqueous solution and the mixture was concentrated 
on a steam bath to a volume of about 15 ml. The cupric 
salts of the fatty acids were precipitated by adding acetone 
and water to a final concentration of acetone—water 
(1:1, v/v) in a final volume of 75 ml. The mixture was 
allowed to stand overnight at 2° and the resulting precipi- 
tate was filtered, washed with acetone—water (1:1, v/v) 
and dried in vacuo at 40°. The glycerol was isolated by 
concentrating the filtrate and extracting the residue with 
80 ml. of 95 % ethanol. The ethanol extract was evaporated 
and the resulting crude glycerol weighed. Glycerol tri- 
benzoate was prepared according to the method outlined by 
Abraham & Hassid (1957). 

Combustion and 4C assay of samples. Glycerol triben- 
zoate, casein and albumin were oxidized by the method of 
Gabourel, Baker & Kock (1955) in a Sargent microcom- 
bustion apparatus. Lactose and citrate were completely 
oxidized to CO, by the persulphate procedure of Katz, 
Abraham & Baker (1954). Butterfat and fatty acids were 


oxidized by the method of Van Slyke & Folch (1940), ina 
pear-shaped flask fitted with a reflux condenser to mini- 
mize any loss of short-chain fatty acids. 

The preparation of BaCO, planchets from each method of 
combustion (except of fatty acids) and the method of 
expressing the 14C activity of samples were the same as 
previously described by Black, Kleiber & Baxter (1955). 

Because of the low activity of the BaCO, derived from 
the combustion of fatty acids, these samples were assayed 
in a liquid-scintillation chamber (Packard Tri-Cab) in 
M-hyamine [N-p-(diisobutylcresoxyethoxyethyl- NN - di- 
methyl-N-benzylammonium hydroxide)] solution in 
methanol. The method used for the regeneration and ab- 
sorption of CO, was described by Eisenberg (1958). 

Analytical determinations. Blood ketone bodies were 
estimated by the method of Thin & Robertson (1952). The 
blood-sugar content was estimated with ferricyanide 
(Folin & Malmros, 1929) on a ZnSO,-NaOH filtrate 
(Somogyi, 1930). The milk fat was determined by the 
Babcock (1890) method. 


RESULTS 


The results were obtained during a period of 
25 hr. after the injection of isotope. The ketotic 
cows were then treated for ketosis. These data were 
compared with results obtained from normal cows 
in the first 25 hr. after injection. The data for 
48 hr. for normal cows were reported by Black et a. 
(1957). 

Fig. 1 shows the specific activity of CO, as a 
function of time. The specific activity of respired 
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Fig. 1. 1C in respiratory CO, after intravenous injection of 
[1*C]glucose into ketotic cows. An aqueous solution of 
0-9% NaCl containing labelled glucose was injected into 
the jugular veins of lactating cows. Samples of CO, were 
collected continuously as indicated above and assayed for 
14C activity. @, [6-4C]Glucose (trial no. X); x, [6-'C]- 
glucose (trial no. IX); O, [1-!4C]glucose (trial no. XIV); 
A, [1-™C]glucose (trial no. XV). pg, (wc/mole of CO,)/ 
(uc injected/kg. body wt.). 
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Table 2. Conversion of injected [14C]glucose into 4CO, during the first 3 hr. after injection 


An aqueous solution of 0-9% NaCl containing the labelled glucose was injected into the jugular vein of lactating 
cows. CO, samples were collected continuously during the entire 3 hr. period after injection. The amount of CO, 
in the expired air was determined and assayed for 14C activity. The total activity for the 3 hr. period was deter- 
mined by integration. ‘ 

Ketotic cows 


A 


Percentage of 
injected isotope 


Normal cows 





c os > a . ’ 
Percentage of 
injected isotope 





Position of label Trial no. recovered in CO, Trial no. recovered in CO, 
[1-4C]Glucose IV 27-8 XIV 7-0 
VI 24-5 XV 6-8 
Average 26-2 6-9 
[6-14C]glucose Ill 16-6 IX 8-3 
V 7:7 x 5-5 
Average 12-2 6-9 
Average “C fr BU 08 
Average from [1-14C]glucose 15 1-00 


Average “C from [6-!C]glucose 





Table 3. Recovery of 4C in milk constituents during 25 hr. after intravenous injection 
of [1-¥4C]- or [6-14C]-glucose into cows 


An aqueous solution of 0-9% NaCl containing the labelled glucose was injected into the jugular veins of lactat- 
ing cows. The cows were milked 3, 10 and 25 hr. after administration of the labelled glucose. The amount of milk 
was measured and then separated into the different milk constituents recorded below. Samples from each milk 
constituent were oxidized and assayed for “C activity. The amounts of “C of each milk constituent collected 
for the three different time periods were added, yielding values for the total 24 hr. period. Recovery of C is 


amount (mc) of 'C in product 


expressed as: —— x 100. Ratio C-1/C-6 is: 


amount (mc) of 40 injected 


average recovery of 14C (from the two trials) in milk product after [1-™C]glucose injection 
average recovery of 14C (from the two trials) in milk product after [6-C]glucose injection’ 


[1-44C]Glucose 


¢ 


Normal cows 


—~——, co — 

Trial no. oe ~$ IV VI XIV XV 

Milk constituent isolated 
Citrate 0-27 0-15 0-17 0-16 
Lactose 40-00 40-36 61-47 67-59 
Albumin 0-76 0-44 0-49 0-26 
Casein 2-12 2-12 1-60 0-95 
Butterfat 2-83 2-02 3:8 3-11 
Glycerol 2-02 1-97 3°73 3-06 


CO, by the ketotic cows followed a curve of similar 
shape and reached a maximum about the same 
time after the injection of either [1-14C]glucose or 
[6-"4C]glucose. The curves resemble the correspond- 
ing curves for CO, activity observed after [6-14C]- 
glucose injection in normal cows and have similar 
maxima. On the other hand, the CO, curves for 
ketotic cows differ from those obtained after 
[1-“C]glucose injection into normal cows (Black 
et al. 1957). The ratio of total 44C respired as CO, 
derived from [1-!4C]glucose to that derived from 
[6-4C]glucose during the first 3 hr. was lower in 
ketotic than in normal cows (Table 2). 


After [1-4C]glucose injection the recovery of 


14) in casein and albumin tended to be lower in 
ketotic cows than in normal cows, but the recovery 


27 


: 
Ketotic cows 


[6-4C]Glucose 


Ratio C-1/C-6 


Normal cows Ketotic cows — 


———_ ——_ Normal Ketotic 
IIT V IX x cows cows 
0-47 0-61 0-27 0-28 0-38 0-60 
37-5 45-49 40-58 35-22 0-93 1-83 
1-34 1-08 0-44 0-39 0-49 0-90 
4:37 4-12 3-08 2-24 0-50 0-48 
6-32 6-71 6-78 3-60 0-37 0-66 
5-40 6-02 5°85 2-87 0-34 0-78 





of 4C in lactose, butterfat and glycerol appeared to 
be higher (Table 3). 

After [6-!C]glucose injection the recovery of “C 
in albumin, casein, citrate, butterfat and glycerol 
was lower in ketotic than in normal cows (Table 3). 
The differences tended to be smaller or non-existent 
for butterfat and glycerol than for albumin, citrate 
and casein. The C recovery in lactose was about 
the same for normal and ketotic cows. 

Since the “C activity in the fatty acids of butter- 
fat was very low, the correspondingly large error in 
determination ruled out justifiable comparisons. 
The activity of the butterfat was due almost 
entirely to the activity of the glycerol (Table 3). 
The ratio of the 4C-1 to “C-6 (Table 3) in each 
milk product was calculated from the average 
Bioch. 1961, 80 
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percentage recovery of the injected 1C after [1-14C]- 
glucose injection and after [6-!4C]glucose injection. 
This ratio was higher in ketotic cows for all com- 
pounds except casein, which indicates that the 
metabolism of C-1 and C-6 of glucose was more 
nearly the same in ketotic cows than it was in 
normal cows. 


DISCUSSION 


The recovery of C in respiratory carbon dioxide, 
albumin, casein and citrate, which, on the average, 
was lower in ketotic than in normal cows, suggests 
that ketosis is accompanied by decreased glucose 
catabolism. The reduction of glucose catabolism 
might result from the following causes. 

(1) An interference with the reactions leading 
from glucose to the tricarboxylic acid cycle. In 
line with this explanation is the report by Bach & 
Hibbit (1959) that showed increased amounts of 
serum pyruvate in ketotic cows. They suggested 
that ketosed animals had a decreased capacity to 
decarboxylate pyruvate. 

(2) A greater influx of non-glucose carbon atoms 
into the tricarboxylic acid cycle might displace 
glucose carbon atoms from these reactions in the 
absence of any disturbance at a specific enzymic 
step. It was shown earlier that ketotic cows had 
lower specific activities in butterfat than did 
normal cows after injection of [14C]acetate (McLeod, 
1955; Kronfeld et al. 1959a). McLeod attributed 
this decrease to a greater utilization of body fat for 
synthesis of butterfat in the ketotic animals. In 
addition it was found that injection of [!4C]acetate 
resulted in higher specific activity in albumin, 
casein and citric acid isolated from the milk of 
ketotic cows than in these compounds isolated 
from normal cows. It was concluded that ketotic 
cows metabolized a greater part of acetate via the 
tricarboxylic acid cycle than did normal cows. The 
greater influx of acetate carbon into the tricarb- 
oxylic acid cycle might function either directly or 
indirectly to reduce the metabolism of carbon 
from glucose in the cycle, which could account for 
our observed results. 

(3) The possibility should be considered that 
reactions in which glucose carbon atoms are utilized 
for synthesis of glycerol and lactose might effectively 
compete with reactions for glucose catabolism 
in the presence of lower glucose concentrations in 
ketotic cows. Such an effect might be expected to 
result in a greater recovery of 14C in lactose and 
glycerol than in other milk products (derived from 
intermediates of glucose catabolism) and carbon 
dioxide when the cow is ketotic. These relationships 
were observed when the glucose was labelled on 
C-1 (Table 3). However, when [6-™“C]glucose was 
injected the “C recovered in lactose and glycerol 
was no greater than it was in the normal animal. 


If the type of calculation by Black et al. (1957) is 
applied to recovery of 1C in glycerol, a result is 
obtained that the hexose monophosphate oxidative 
pathway accounts for about 24% of the glucose 
catabolized in ketotic cows. That is less than half of 
the 56 % found for normal cows (Black et al. 1957), 
and indicates considerable reductions of glucose 
metabolism by the hexose monophosphate oxid- 
ative pathway in ketotic cows. This decrease in 
participation appears even more pronounced if the 
effect of fixation of carbon dioxide in glycerol 
formation on this type of calculation is considered. 
Fixation of carbon dioxide reduces the (C-6- 
C-1)/C-6 ratio products, e.g. glycerol, synthesized 
in normal cows, because the mean standardized 
specific activity of carbon dioxide was much higher 
after [1-C]glucose injection than after [6-'C]- 
glucose injection. In this case the effect of fixation 
of carbon dioxide would be to increase the role of 
the Embden—Meyerhof pathway. 

From consideration of the known pathways of 
glucose metabolism in dairy cows, the deviation of 
C-1/C-6 from unity indicates a pathway in addition 
to the Embden—Meyerhof pathway. The C-1/C-6 
ratios shown in Table 3 indicate in all cases, except 
for lactose, hexose monophosphate oxidative 
pathway activity. The higher ratio in the ketotic 
animals indicates that the hexose monophosphate 
oxidative pathway had a lower role in glucose 
metabolism in ketotic than in normal animals. 

The quantitative evaluation of the hexose 
monophosphate oxidative pathway presents some 
difficulties which have been discussed by Wood 
(1955), Korkes (1956), Racker (1956), Wood, 
Gillespie, Joffe, Hansen & Hardenbrook (19586) 
and Wood & Katz (1958). Most important is the 
possible indeterminable randomization of 14C due to 
transaldolase and transketolase. If, however, these 
factors influence the calculations to the same extent 
in normal and in ketotic animals, the comparison 
may be valid. Therefore the evaluation of the hexose 
monophosphate oxidative pathway in ketotic and 
normal cows, though only an approximation, 
serves for a comparison showing reduced participa- 
tion of the hexose monophosphate oxidative path- 
way during ketosis. 

The higher recovery of C in lactose after 
[1-4C]glucose injection than after [6-14C]glucose 
injection into ketotic cows could be attributed to 
exchange reactions catalysed by transaldolase and 
transketolase (Korkes, 1956; Wood et al. 1958); 
Wood & Katz, 1958). These reactions might have a 
more obvious effect on the 4C transfer to lactose 
during ketosis if the rate of decarboxylation of 
6-phosphogluconate in ketotic cows is lowered by 
the decrease in degree of participation of hexose 
monophosphate oxidative pathway. Randomiza- 
tion of carbon atoms of glucose by transketolase 
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and transaldolase can occur very rapidly in tissue 
such as liver (Murphy & Muntz, 1957) and cow 
mammary gland (Wood et al. 1958b; Wood, Siu & 
Schambye, 1957; Wood, 
Hansen & Hardenbrook, 1958a). 

The value of the C-1/C-6 ratio, 1-83, in the 
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Seymour, Gillespie. 


lactose from the ketotic cows observed here might 
be explained by a combination of factors, including 
the redistribution of [44C]glucose positions C-2 and 
C-3 of the hexose moieties of lactose due to the 
transaldolase and the transketolase activity. 


SUMMARY 


1. Specifically labelled [1-!4C]glucose and [6-14C]- 
were synthesized and injected intra- 
venously into ketotic cows. The results were com- 


glucose 


pared with those obtained previously with normal 
cows. 

2. The recovery of “C in respiratory carbon 
dioxide, casein, albumin and citrate after [6-14C]- 
glucose injection was less during ketosis than in the 
corresponding recovery in normal cows. This 
observation indicates a decrease of “C transfer 
from glucose to carbon dioxide, casein, albumin 
and citrate or dilution of “4C from glucose by a 
relative increase in incorporation of carbon atoms 
from other precursors, or both of these possibilities, 
during ketosis. The results after [1-!4C]glucose 
injection support these findings. 

3. The recovery of “C in lactose and glycerol 
was the same in ketotic and normal cows after 
(6-14C]glucose injection, but higher in ketotic cows 
after [1-14C]glucose injection. 

4. Comparison of C recovery in the different 
milk constituents after [1-4C]glucose and [6-14C]- 
glucose injection shows a decrease of participation 
of the hexose monophosphate oxidative pathway 
during ketosis. The decrease seems to be correlated 
with impaired lipogenesis in ketotic cows. 

The authors thank Dr S. Abraham for advice and interest 
during the synthetic and analytical work, and Dr E. 
Butterworth and Dr A. Black for clarification of the 
problems involved. The authors also thank Dr D. Kronfeld 
for professional services, and Dr C. Hymas, Dr J. Crenshaw 
and Dr M. Smith, Orland Veterinary Hospital, for finding 
the ketotic cows and providing facilities that made the 
work possible. The help of the members of the Tracer Team, 
especially Mr J. Lucas, Dr F. Raggi and Dr J. Luick, 
during the respiration trials and the separation of the milk 
constituents is appreciated. The work reported in this 
paper was supported by a grant from the United States 
Atomic Energy Commission. 


REFERENCES 


Abraham, S. & Hassid, W. Z. (1957). In Methods in 
Enzymology, vol. 4, p. 527. Ed. by Colowick, S. P. & 
Kaplan, N. O. New York: Academic Press Inc. 








IN BOVINE KETOSIS 419 


Agranoff, B. W., Brady, R. O. & Colodzin, M. (1954). 


J. biol. Chem. 211, 773. 

Babcock, S. M. (1890). Bull. Wis. agric. Exp. Sta. 24. 

Bach, S. J. & Hibbitt, K. G. (1959). Biochem. J. 72, 87. 

Black, A. L., Kleiber, M. & Baxter, C. F. (1955). Biochim. 
biophys. Acta, 17, 346. z 

Black, A. L., Kleiber, M., Butterworth, E. M., Brubacher, 
G. B. & Kaneko, J. J. (1957). J. biol. Chem. 227, 537. 

Bloom, B. (1955). J. biol. Chem. 215, 467. 

Brady, R. O. & Gurin, 8. (1950). J. biol. Chem. 187, 589. 

Brin, M. & Yonemoto, R. H. (1958). J. biol. Chem. 230, 
307. 

Cahill, G. F., jun., Hastings, A. B., Ashmore, J. & Zottu, S- 
(1958). J. biol. Chem. 230, 125. 

Chaikoff, I. L. (1952). Harvey Lect. 47, 99. 

cisenberg, F., jun. (1958). In Liquid Scintillation Counting, 
p. 123. Ed. by Bell, C. G., jun. & Hayes, F. N. New York: 
Pergamon Press Ltd. 

Felts, J. M., Doell, R. G. & Chaikoff, I. L. (1956). J. biol. 
Chem. 219, 473. 

Folin, O. & Malmros, H. (1929). J. biol. Chem. 83, 115. 

Gabourel, J. D., Baker, M. J. & Kock, C. W. (1955). Analyt. 
Chem. 27, 795. 

Gottlieb, E. (1892). Landw. Versuchsw., Kharkhow, 40, 1. 

Hers, H. G., Edelman, J. & Ginsburg, V. (1954). J. Amer. 
chem. Soc. 76, 5160. 

Isbell, H. S., Karabinos, J. V., Frush, H. L., Holt, N. B., 
Schwebel, A. & Galkowski, T. T. (1952). J. Res. nat. 
Bur. Stand. 48, 163. 

Katz, J., Abraham, S. & Baker, N. (1954). Analyt. Chem. 
26, 1503. 

Kleiber, M. & Edick, M. (1952). J. Anim. Sci. 11, 61. 

Korkes, S. (1956). Annu. Rev. Biochem. 25, 703. 

Kronfeld, D. S. & Kleiber, M. (1959). J. appl. Physiol. 14, 
1033. 

Kronfeld, D. S., Kleiber, M. & Lucas, J. M. (1959a). 
J. appl. Physiol. 14, 1029. 

Kronfeld, D. 8., Tombropoulos, E. G. & Kleiber, M. (1959). 
J. appl. Physiol. 14, 1026. 

Langdon, R. G. (1957). J. biol. Chem. 226, 615. 

Lucas, J. M., Kaneko, J. J., Hirohara, K. & Kleiber, M. 
(1959). J. agric. Food Chem. 7, 638. 

McLean, P. (1959). Nature, Lond., 183, 182. 

McLeod, G. K. (1955). Ph.D. Dissertation: University of 
California. 

Milstein, S. W. (1956) Proc. Soc. exp. Biol., N.Y., 92, 632. 

Murphy, J. R. & Muntz, J. A. (1957). J. biol. Chem. 224, 
987. 

Partridge, S. M. (1948). Biochem. J. 42, 238. 

Racker, E. (1956). Harvey Lect. 51, 143. 

Ralston, N. P., Kleiber, M. & Smith, A. H. (1949). J. 
Dairy Sci. 32, 889. 

Schaffer, R. & Isbell, H. S. (1956). J. Res. nat. Bur. 
Stand. 56, 191. 

Shaw, J. C. (1943). J. Dairy Sci. 26, 1079. 

Shaw, J. C. (1956). J. Dairy Sci. 39, 402. 

Siperstein, M. D. & Fagan, V. M. (1957). Science, 126, 1012. 

Siperstein, M. D. & Fagan, V. M. (1958a). J. clin. Invest. 
37, 1185. 

Siperstein, M. D. & Fagan, V. M. (19586). J. clin. Invest. 
37, 1196. 

Somogyi, M. (1930). J. biol. Chem. 86, 655. 

Stetten, D., jun. & Boxer, G. E. (1944). J. biol. Chem. 156, 
271. 








420 E. G. TOMBROPOULOS AND M. KLEIBER 1961 


Thin, C. & Robertson, A. (1952). Biochem. J. 51, 218. 

Van Bruggen, J. T., Yamada, P., Hutchens, T. T. & West, 
E. 8. (1954). J. biol. Chem. 209, 635. 

Van Slyke, D. D. & Folch, J. (1940). J. biol. Chem. 136, 
509. 

Weinhouse, 8. (1952). Brookhaven Symp. Biol. 5, 201. 

Winegrad, A. I. & Renold, A. E. (1958). J. biol. Chem. 233, 
273. 


Wood, H. G. (1955). Physiol. Rev. 35, 841. 

Wood, H. G. & Katz, J. (1958). J. biol. Chem. 233, 1279. 

Wood, H. G., Seymour, J., Gillespie, R., Hansen, R. G. & 
Hardenbrook, H. (1958a). J. biol. Chem. 233, 1264. 

Wood, H. G., Gillespie, R., Joffe, 8., Hansen, R. G. & 
Hardenbrook, H. (19585). J. biol. Chem. 233, 1271. 

Wood, H. G., Siu, P. & Schambye, P. (1957). Arch. 
Biochem. Biophys. 69, 390. 





Biochem. J. (1961) 80, 420 


Some Aspects of Amino Acid Metabolism in the 
Adult Housefly, Musca domestica* 


By G. M. 


PRICE 


Agricultural Research Council, Pest Infestation Laboratory, London Road, Slough, Bucks. 


(Received 16 December 1960) 


The concentration of free amino acids in insect 
haemolymph is in general much greater (often 
10—50 times) than it is in vertebrate blood (Auclair 
& Dubreuil, 1953; Bishop, Briggs & Ronzoni, 1925; 
Buck, 1953; Duchateau & Florkin, 1955; Duval, 
Portier & Courtois, 1928; Florkin, 1954; Pratt, 
1950). Other invertebrates, such as the lobster 
(Homarus vulgaris) and the crayfish (Astacus 
fluviatilis) possess high concentrations of amino 
acids in their tissues but the concentrations in their 
blood are of the magnitude found in vertebrate 
blood (Florkin, 1954). The significance of the high 
concentration of free amino acids in insect haemo- 
lymph has intrigued many workers and it has been 
wondered whether some of the roles played by 
amino acids in insects are particular to that class. 
Winteringham (1958) has suggested that in insects 
some of the amino acids may provide a soluble and 
readily available substrate reserve for the Krebs 
cycle. Winteringham & Harrison (1956) showed 
that «-alanine, aspartic acid, glutamic acid, glut- 
amine and proline became labelled in adult house- 
flies (Musca domestica) after these insects had been 
injected with [2-™C]acetate as labelled precursor. 
Kasting & McGinnis (1958) found that certain 
amino acids became labelled in Phormia regina 
after it was fed with [#4#C]glucose. Clements (1959) 
found that when preparations of the fat-body of 
the desert locust (Schistocerca gregaria) were incu- 
bated with [2-“C]acetate, aspartic acid, glutamic 
acid and proline became labelled. In the present 
work the distribution in the fly and the metabolic 
relationships of some of the amino acids are in- 
vestigated. 

* This work has been submitted to the University of 
Wales in partial fulfilment of the degree of M.Sc. 


METHODS 


The L- or pL-forms of amino acids were purchased from 
L. Light and Co. Ltd, Colnbrook, Bucks. Each amino acid 
gave only one ninhydrin-positive spot after two-dimen- 
sional chromatography (see below) and they were therefore 
used without further purification. Anhydrous sodium 
[2-4C]acetate, with a specific activity of 5-16 uc/pumole, 
was purchased from The Radiochemical Centre, Amersham, 
Bucks. A pyridine—acetate buffer, pH 6-0, was prepared by 
mixing 10 ml. of pyridine, 1 ml. of acetic acid and 89 ml. of 
water. Methyl Cellosolve (ethylene glycol monomethyl 
ether) and lutidine were redistilled before use. Phenol was 
redistilled according to the method of Draper & Pollard 
(1949). Ninhydrin and isatin (indoline-2:3-dione) were used 
as 0-2 % solutions in acetone. 

Sarcosome-isolation medium. The final concentrations 
were: 0-32m-sucrose; 0-01 M-2-amino-2-hydroxymethyl- 
propane-1:3-diol (tris), pH 7:2; 0-01m-ethylenediamine- 
tetra-acetate, pH 7-2; 1% of bovine plasma albumin. 

Albumin-free isolation medium. The same as above but 
without albumin. 

Breeding of houseflies (Musca domestica). Adult house- 
flies were kept at 27° and 60% relative humidity and were 
fed on glucose, milk and water. Only females, 5-6 days old, 
were used in the experiments. 

Injection with [2-4C]acetate. Each fly was anaesthetized 
with cyclopropane for 1 min. and then injected from an 
Agla micrometer syringe with 2 yl. of a solution containing 
63-6 ng. of anhydrous sodium acetate (4c). The hypo- 
dermic needle was inserted 1-2 mm. into the dorsal pos- 
terior end of the thorax just under the left-wing base. After 
being injected, each fly was put into a 150 mm. x 15 mm. 
test tube which was sealed with a rubber bung. Soda lime 
was present in the base of each tube to absorb the CO, 
expired, and the fly was prevented from coming into con- 
tact with the alkali by a loosely packed plug of cotton wool 
placed about 30-40 mm. from the open end. The fly was 
left in the tube at room temperature (approx. 22°) for the 
required period, after which it was treated in one of three 
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ways: (1) it was killed by plunging it into aq. 95% ethanol 
at —70°; (2) it was cooled at 0° to immobilize it, and its 
head was cut off and placed in aq. 95% ethanol at — 15°; 
(3) a sample of haemolymph was obtained, as described 
below. 

Supply of haemolymph. Withdrawal of a sample of 
haemolymph was carried out under a binocular microscope 
(mag. x 8). The left wing of the fly was cut off near to its 
base and the fly was held between the thumb and forefinger 
of each hand and gently squeezed. The gentle pressure 
forced a globule of haemolymph out of the fly through the 
cut wing-base. A capillary tube (held in a clamp) was 
applied to the globule which rose up the tube. Afteras much 
haemolymph as possible had been obtained, the capillary 
was weighed, the haemolymph was blown into aq. 95% 
ethanol at 0°, and the tube weighed again. 

Extraction of whole flies, of heads and of haemolymph. 
Ten flies were homogenized in 2 ml. of aq. 95% ethanol in a 
Potter-Elvehjem homogenizer for 5 min. at — 15°, and the 
homogenate was centrifuged at 2100g for 15 min. The 
residue obtained was extracted twice by homogenizing in 
1 ml. of aq. 95% ethanol and centrifuging as before. The 
three supernatants were combined and evaporated to 
dryness at room temperature. The residue was extracted 
twice at room temperature by homogenizing in 0-4 ml. of 
water and centrifuging at 22 000g for 15 min. The two 
supernatants were combined and filtered to remove 
particles of fat, and the filtrate was evaporated to dryness. 
The residue was resuspended in 0:33 ml. of aq. 95% 
ethanol to give the whole fly extract. 

The heads from 30 flies were homogenized in 1 ml. of aq. 
95% ethanol at — 15° and the homogenate was centrifuged 
at 2100g for 10 min. The residue was extracted twice at 
room temperature by homogenizing in 0-5 ml. of aq. 95% 
ethanol and centrifuging as before. The three supernatants 
were combined, evaporated to dryness at room temperature 
and the residue was resuspended in 0-3 ml. of water to give 
the head extract. 

Haemolymph from 25 flies was collected in 1-5 ml. of 
aq. 95% ethanol at 0° and centrifuged at 2100g for 10 min. 
The residue was washed twice by dispersion in 0-5 ml. of 
aq. 95% ethanol and centrifuged as before. The three 
supernatants were combined to give the haemolymph 
extract. All the extracts were stored at — 15°. 

Paper chromatography. One- and two-dimensional paper 
chromatography was carried out on strips (approx. 3 cm. 
wide) and on sheets (28 cm. x 28 cm.) of Whatman no. 1 
paper. Solvents were: 1, water-saturated phenol (Pratt & 
Auclair, 1948); 2, butan-1l-ol-acetic acid—water (50:10:40) 
(Phillips, 1949); 3, 98% formic acid—acetone—water 
(14:60:26) (Burrows, Grylls & Harrison, 1952); 4, lutidine— 
collidine-water (1:1:2) (Dent, 1948); 5, water-saturated 
isobutyric acid; 6, water-saturated butan-l-ol; 7, phenol— 
0-1% NH, ; solvents 5, 6 and 7 were according to Consden, 
Gordon & Martin (1944). One-dimensional chromato- 
graphy was carried out in a descending manner with 
solvents 1, 2, 4, 5 and 6, the aqueous phase being placed in 
the bottom of the cylinder. With solvent 3, ascending 
chromatography was carried out as described by Winter- 
ingham, Bridges & Hellyer (1955). Chromatograms were 
developed at 25° for a period of 24-40hr. in solvents 
1, 2, 4, 5 and 6 and at 5° for the same period in solvent 3. 

Elution of amino acids. After a [14C]amino acid had been 
located, the section of chromatogram containing it was cut 
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out, and the compound was eluted onto a second strip as 
described by Winteringham (1953) and chromatographed 
in a second solvent. By repetition of this procedure it was 
possible to chromatograph a [!4C]amino acid in a series of 
solvent systems. For all the amino acids tried, elution 
seemed to be complete after 8 hr. since no radioactivity 
could be detected on the strip. The elution solvent used 
was 98% formic acid—acetone—water (1:500:500). 

Two-dimensional chromatography. Ascending two-dimen- 
sional chromatography was carried out in a conventional 
manner. Chromatograms were developed for approxi- 
mately 12 hr. and dried in a stream of air for 4-5 hr. at 
room temperature. 

Chromatograms were developed in the first direction 
with solvent 2 and in the second direction with solvent 7. 
When solvent 7 was used aq. NH, soln. (sp.gr., 0-88) was 
added to the aqueous phase to a final concentration of 
01%. 

When the solvents were used in the order cited above, 
‘tailing’ was considerably less and the spots were much 
more compact than when they were used in the reverse 
order. 

Paper electrophoresis. Paper electrophoresis of 30 pl. of 
the head extract was carried out at 300v with Whatman 
no. 1 paper and the pyridine—acetate buffer, pH 6-0. 
During electrophoresis, which lasted for approx. 1} hr., 
most of the strip, apart from the two ends which dipped 
into the buffer, was immersed in CC\,. 

Location of amino acids. (a) Chemical methods. Amino 
acids were located by dipping the developed chromatogram 
in a 0-2 % solution of ninhydrin in acetone, and then heat- 
ing the chromatogram at 80—90° for 5 min. (Toennies & 
Kolb, 1951). For the detection of proline the appropriate 
part of the chromatogram was dipped in a solution of 
isatin (0-2%) in acetone and heated at 105° for 3 min. 
(Smith, 1953). 

(b) Radiometric method. The C-labelled compounds 
were located and assayed on the unidimensional chromato- 
grams by a method in which the paper chromatogram is 
passed automatically beneath a thin end-window Geiger 
Miiller tube and the radioactivity is automatically plotted 
(Winteringham, Harrison & Bridges, 1952). Each zone of 
radioactivity on the strip is represented by a peak on the 
graph and the area enclosed by the peak is proportional to 
the amount of !4C in the zone which it represents. 

(c) Radioautographic method. 4C-Labelled compounds 
were located on a two-dimensional chromatogram by 
leaving it in contact with an X-ray film for 4 days. The 
film (radioautograph) was then developed and radioactive 
compounds showed up as dark spots the intensities of 
which were proportional to the amount of radioactivity. 

Identification of amino acids. [!4C]Amino acids were 
identified on unidimensional chromatograms by their 
coincidence with known ‘marker’ amino acids in a series of 
solvent systems. It is assumed that no isotopic exchange 
takes place between the labelled compounds and the added 
‘marker’ amino acids. On two-dimensional chromatograms 
amino acids were identified by comparing chromatograms 
of the extracts with those of known amino acids. 

Chemical estimation of amino acids. After chromato- 
graphy of a labelled amino acid in solvents 1 and 2, the 
section of chromatogram containing it was cut out and 
treated with a 1% solution of KOH in methanol (approx. 
20 pl./em.? of paper). The paper was dried in a stream of 
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warm, but not hot, air and left in an evacuated desiccator 
over H,SO, overnight. This procedure removed 
traces of NH, which give rise to high and variable blank 
readings (Fowden, 1951). The amino acid was then eluted 
with water into a graduated tube and estimated essentially 
in the manner described by Yemm & Cocking (1955). 
Estimation of proline. The section of chromatogram con- 
taining proline was treated with isatin (as already de- 


conc, 


scribed) and the amount of blue colour produced was 
measured on an EEL photoelectric densitometer with a 
yellow filter. A standard curve for proline was constructed 
with this method of estimation. 

Measurement of haemolymph volume. Evans blue dye 
(100 mg.) (Prosser, 1952) was dissolved in 1-0 ml. of water 
and 1 yl. of this solution was injected into the thorax of the 
fly just under the left wing-base. The fly was left for 
15 min. in order to give the dye time to diffuse throughout 
the haemolymph, a sample of which was weighed and 
transferred to 2:5 ml. of water in a 1 em. spectrophoto- 
meter cell. The solution was thoroughly stirred and its 
absorption was measured at 600 mp against that of water. 
The absorption of 1 yl. of dye solution in 2-5 ml. of water 
From these values the volume of 
haemolymph was calculated. 

Isolation of flight-muscle sarcosomes. Sarcosomes were 
isolated by the method of S. E. Lewis & K. S. Fowler 
(personal communication). Fifty 6-7-day-old female 
houseflies were collected in a conical flask and immobilized 


was also measured. 


by cooling at 3°. They were transferred to an ice-cold dish 
and their heads and abdomens were removed, the thoraces 
being transferred to an ice-cold mortar where they were 
gently crushed in 1-5 ml. of isolation medium.The resulting 
brei was squeezed through six layers of muslin (which had 
previously been washed in water and wrung out), and the 
filtrate was collected in a tube surrounded by crushed ice. 
A further 0-75 ml. of isolation medium was added to the 
residue, which was again squeezed and filtered. The com- 
bined filtrates were centrifuged at 134g for 4 min. at 0°, to 
remove particles of chitin. The supernatant was centrifuged 
at 2100g for 10 min. and the sedimented sarcosomes were 
resuspended by adding 1-9 ml. of albumin-free isolation 
medium and centrifuged at 2100g for 10 min. The resulting 
pellet of washed sarcosomes was resuspended by adding 
0-3 ml. of albumin-free isolation medium; 0-1 ml. of this 
preparation was used in each transaminase determination. 

Transaminase activity of sarcosomes. Four tubes were 
set up, one pair containing: potassium phosphate buffer 
(KH,PO,-K,HPO,, 0-33M, pH 7-3, 0-3 ml.); L-x-alanine 
(0-045mM, 0-2 ml.); «-oxoglutaric (0-12mM, pH 7-3, 
0-1 ml.); sucrose (1-66M, 0-1 ml.); bovine plasma albumin 
(10%, 0-1 ml.); sarcosomes (0-1 ml.); water (0-1 ml.). The 
second pair contained the same medium except that L-«- 
alanine was replaced by aspartic acid (0-045, 0-2 ml.) The 
tubes were incubated at 25°, and to stop enzyme activity 


acid 


0-1 ml. of 50 % trichloroacetic acid was added to one tube of 


each pair at zero time, and to the other tubes after 45 min. 
The tubes were centrifuged at 2100g for 10 min. and 20 yl. 
of each supernatant was chromatographed in solvent 7 


with glutamic acid, aspartic acid and alanine as markers. 
Before chromatography the extract on the chromatogram 
was exposed to the vapour from aq. 4N-NH, soln. for 
5 min. to neutralize the trichloroacetic acid present. After 
development of the chromatograms the amino acids were 
located with ninhydrin as already described. 
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Transaminase activity of haemolymph. This was deter- 
mined as described above by using the haemolymph from 
10 flies in place of 0-1 ml. of sarcosomes. 

Production of *CO,. Five flies were injected with [2-™C}- 


acetate and the “CO, they expired was trapped in 1 ml. of 


n-NaOH. The flies were placed in a glass chamber and air 
was sucked through the chamber and then over activated 
charcoal to absorb any volatile C-labelled compounds 
(other than CO,). At intervals 10 41. amounts of the NaOH 
solution were removed, applied to filter-paper disks and 
evaporated to dryness in a current of hot air. The ™C- 
activity, which was then measured with a conventional thin 
end-window Geiger—Miiller counter, was over a range of 
200-45 000 counts/5 min. 

Estimation of [2-'4C]acetate in flies. Flies were injected 
with [2-“C]acetate and left for different periods. Indi- 
vidual flies were killed by immersion in 0-9 ml. of boiling 
water in a Potter-Elvehjem homogenizing tube. Inactive 
sodium acetate (0-1, 0-1 ml.) was added as carrier, and the 
whole homogenized for 2 min. at room temperature and 
then centrifuged at 2100g for 10 min. The supernatant 
(10 pl.) was applied to a filter-paper disk and evaporated to 
dryness in a stream of warm air. The “C-activity was then 
measured as described for the *CO,. N-HCl was sprayed on 
the disk very carefully, so as not to alter the geometry of 
the sample unduly, and the disk was heated to dryness in a 
stream of hot air. After two such treatments the MC- 
activity was measured as before. The difference in activity 
between the two measurements is taken as the activity due 
to the [C]acetate which is volatized by the HCl treatment. 
When known amounts of [2-“C]acetate were applied to 
filter-paper disks, the above treatment removed 96 % of the 
M4C-activity. 


RESULTS 
Identity of [*4C]amino acids 


One-dimensional chromatography. When extracts 
of the whole fly (10 yl.) and of the haemolymph 
(100 pl.) chromatographed together with 
‘marker’ amino acids, in solvent 1, the 14C-labelled 
compounds were separated into four fractions. 
These fractions, R, 0:14 (aspartic acid), 0-23 
(glutamic acid), 0-59 («-alanine and glutamine) and 
0-89 (proline), were eluted and rechromatographed in 
a selection of solvents 2, 3, 4, 5 or 6 so that each 
fraction, or part of it, coincided with a ‘marker’ 
amino acid in at least three solvents. The R, 
values of the “C-labelled fractions and of the 
coincident ‘marker’ amino acids are shown in 
Table 1. The amino acids that became labelled, 
namely, «-alanine, aspartic acid, glutamic acid, 
glutamine and proline, were present in both the 


were 


whole fly and in the haemolymph. It was calcu 
lated that the labelled amino acids accounted for 
70 % of the C-activity in the whole fly extract but 
for only 30% of that in the haemolymph extract. 

Two-dimensional chromatography. 'Two-dimen- 
sional chromatography of a number of known 
amino acids and of extracts of the whole flv 


(20 yl.), head (50 pl.) and haemolymph (500 yl.) was 
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carried out as described in the Methods section. A 
comparison of the chromatogram of the known 
amino acids with those of the extracts showed that 
the latter contained «-alanine, f-alanine, aspartic 
acid, glutamic acid, glutamine, glycine, leucine or 
isoleucine, lysine, methionine and/or valine, methio- 
nine sulphoxide, phenylalanine, proline, serine, 
taurine, threonine and tyrosine. y-Aminobutyric 
acid was discernible only in the head extract, where- 
as aspartic acid and glutamic acid were present in 
relatively large amounts in the whole fly and head 
extracts but were hardly discernible in the haemo- 
lymph extract. 

Radioautography. Radioautography of a chro- 
matogram of the whole fly extract showed the 
presence of labelled «-alanine, aspartic acid, glut- 
amic acid, glutamine and proline. This result is in 
complete agreement with that obtained by uni- 
dimensional chromatography. 

After electrophoresis of the head extract, one 
of the radioactive, ninhydrin-positive spots ob- 
tained coincided with y-aminobutyric acid. It 
was eluted from the strip and chromatographed 
in solvent 2 where it again coincided with y-amino- 
butyric acid. 


Amino acid content of tissues and haemolymph 


Reference to standard curves for «-alanine, 
aspartic acid, glutamic acid, glutamine and proline 
showed that after chromatography in solvent 1 
and then in solvent 2 the recoveries of these amino 
acids were 72, 70, 74, 50 and 89% respectively. 
These values were taken into account when the 
amounts of [!4C]amino acids in the fly were 
calculated. 
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To ascertain the distribution of amino acids 
between the tissues and the haemolymph of the fly 
it was necessary to determine the volume of the 
haemolymph and this was carried out as described 
in the Methods section. The haemolymph volume 
varied from fly to fly over a range of 3-9 yl. for 
10 flies, the average value per fly being 6yl. 
(s.D. + 1-92 pl.). 

The amounts of amino acids in the whole fly and 
in the haemolymph are shown in Table 2. The 
volume of the haemolymph extract from 25 flies 
was reduced to 0-5 ml. and 0-2 ml. of this concen- 
trated extract was chromatographed together with 
5 pl. cf the whole fly extract as marker. The con- 
centrations of aspartic acid and glutamic acid are 
much less in the haemolymph than they are in 
the whole fly, whereas those of «-alanine, glutamine 
and proline in the haemolymph are of the same 
order as in the whole fly. These quantitative results 
confirm the results obtained by two-dimensional 
chromatography. The amounts of amino acids 
present in the tissues are shown in columns (5) and 
(6). The concentrations of aspartic acid and glut- 
amic acid in the tissues are three and six times 
respectively those in the haemolymph. The concen- 
trations of «-alanine, glutamine and proline in the 
tissues are similar to those in the haemolymph. 

Values of 14:7 mg./100 g. and 131-4 mg./100 g. 
respectively, have been reported (Bellamy, 1958) 
for the concentrations of glutamic acid and 
glutamine in the blood of the desert locust (S. 
gregaria). Thus the glutamic acid concentration is 
very similar to that found in housefly blood, where- 
as that of glutamine is between two and three 
times that in the housefly. 


Table 1. R, values of C-labelled compounds present in the whole fly and haemolymph extracts 
and of the amino acids with which they coincided after chromatography in various solvents 


Ry in solvent 





Amino acid 1 2 
«-Alanine 0-59 0-14 
Aspartic acid 0-14 0-14 
Glutamic acid 0-24 0-12 
Glutamine 0-59 0-08 
Proline 0-90 0-17 


= ee Se 
3 4 5 6 
0-73 0-14 0-53 0-02 
0-58 0-18 — — 
0-65 0-20 0-50 — 
0-48 0-17 — 0-01 
— 0-29 0-59 0-10 


Table 2. Amounts of amino acids in the whole fly, in the haemolymph and in the tissues 


The amino acids were estimated as described in the text. The average weight of a housefly was 21-4 mg., the 
average value for the volume of haemolymph in a fly was 6 yl., and the average weight of tissue in each fly was 


taken as 15-4 mg. 


2 

(1) mg./100 g. 
Amino acid pg./fly of fly 
«-Alanine 6-30 29-5 
Aspartic acid 2-62 12-2 
Glutamic acid 11-80 55-2 
Glutamine 12-26 57-4 
Proline 20-20 94-5 


haemolymph 


(3) ; 
pg. in (4) (5) 
mg./100 ml. of yg. in tissues 


(6) 
mg./100 g. 


of 1 fly haemolymph of fly of tissues 
1-49 24-8 4-81 31-4 
0-28 4-6 2-34 15-2 
0-74 12-3 11-06 72-0 
3°51 58-6 8-75 56-8 
4-70 78:3 15-50 100-0 
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Specific activity of [}*C]amino acids 
In the following experiments the chromato- 
grams were scanned with a 47 scanner and the 
activity was recorded as counts/min. by a printing- 
out sealer. By using a known amount of standard 
[2-14C Jacetate 


converted to pc and the values expressed as pC/ 


solution, counts/min. could be 
pmole of amino acid. 

Flies were injected with [2-C]acetate and left 
for periods of 5, 10, 30, 60, 90, 120 and 180 min. 


(10 flies for each period). The subsequent stages of 


extraction, unidimensional chromatography and 
amino acid estimation were carried out as de- 
scribed in the Methods section and the results are 
shown in Fig. 1. The specific activities of «-alanine 
and glutamic acid were maximal 60min. after 
injection of the flies with [2-'C]acetate, whereas 
that of proline was maximal at 90 min. The peak of 
the specific activity—time curve of glutamine is not 
as sharp as those of «-alanine and glutamic acid, its 
specific activity remaining near its maximum over 
the period 60-90 min. The specific activities of 
a-alanine, glutamic acid, glutamine and proline 
were also measured in a haemolymph extract 
obtained from flies killed 30 min. after injection 
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Fig. 1. Specific activity of «-alanine (7), glutamic acid 


(DC), glutamine (O) and proline (A) in the whole fly at 
various periods after injection with [2-14C]acetate. 
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with [2-“C]acetate. The results, together with 
those of a whole fly extract obtained from flies 
killed after the same period, are shown in Table 3. 
The specific activities of «-alanine and proline in 
the whole fly and haemolymph extracts were very 
similar. The specific activities of glutamic acid and 
glutamine in the whole fly extract were approxi- 
mately double their values in the 
haemolymph extract. 


respective 


Incorporation of [14C]amino acids into protein 


The residue obtained from the third ethanol 
extraction of whole flies treated for 180 min. with 
[2-4C]acetate was homogenized twice with 1 ml. of 
N-HCl (to remove labelled water-soluble com- 
pounds), twice with 1 ml. of ethanol—ether (3:1) 
(to remove labelled phospholipids), twice with 
1 ml. of acetone and once with 1 ml. of CHCl, (to 
remove labelled lipids). Each homogenate was 
centrifuged at 2100g for 10 min. and the super- 
natants were discarded. The final residue was dis- 
persed in 1 ml. of 6N-HCl and heated in a stoppered 
tube at 108° for 8 hr. in order to hydrolyse the 
protein present (Roberts, Abelson, Cowie, Bolton 
& Britten, 1957). Aq. 95% ethanol (1 ml.) was 
added to the hydrolysate, which was then centzi- 
fuged at 2100g for 15 min. The supernatant was 
decanted and the residue washed with I ml. of 
ethanol and centrifuged, as before. The combined 
supernatants were repeatedly (5 times) evaporated 
to dryness to remove the HCl. The final residue was 
resuspended in 0-5 ml. of aq. 95% ethanol. One- 
and two-dimensional chromatography of this extract 
(10 ul.) showed that it contained labelled «-alanine, 
aspartic acid, glutamic acid and proline. There 
were also some other labelled compounds present 
but these have not been identified. Glycine, 
methionine and/or valine, serine, threonine and 
tyrosine were some of the unlabelled amino acids 
present in the hydrolysate. B-Alanine and methio- 
nine sulphoxide were absent from the hydrolysate. 


Transaminase activity 


Barron & Tahmisian (1948) reported the pre- 
sence of glutamic—alanine transaminase in cock- 
roach-muscle preparations. Kilby & Neville (1956) 


Table 3. Specific activities of amino acids in whole fly and haemolymph extracts obtained 


f, 


Whole fly extract 


Se 
10? x Amount 
estimated 
Amino acid (moles) 
«-Alanine 15:3 
Glutamic acid 178 
Glutamine 12-6 


Proline 47-0 


from flies killed 30 min. after injection with [2-\4C]acetate 


Haemolymph extract 





; a = a 
Specific 10? x Amount Specific 
activity estimated activity 

(uC/pmole) (umoles) (u0/pmole) 

0-77 7-5 0-86 
1-74 2-3 0:77 
1-15 7-5 0-62 
0-28 22:8 0-28 
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demonstrated transaminase activity in the fat- 
body, malpighian tubules and gut wall of the 
desert locust (S. gregaria), and McAllan (1958) 
demonstrated glutamic—aspartic acid-transamin- 
ase activity in the fat-body, malpighian tubules 
and flight-muscle of the cockroach (Periplaneta 
americana), and in the housefly (M. domestica) 
In the present work 
glutamic— 


throughout its life-cycle. 
glutamic-alanine transaminase and 
aspartic acid transaminase enzyme systems have 
been investigated in flight-muscle sarcosomes and 
in haemolymph as described in the Methods section. 
The criterion for their presence was the production 
of glutamic acid. With the sarcosomes an amino 
acid was produced which behaved chromatographic- 
ally in a similar way to glutamic acid, whether 
a-alanine or aspartic acid was added as the donor of 
the amino group. These results showed the presence 
of glutamic—alanine and glutamic—aspartic acid- 
transaminase activity in the sarcosomes. However, 
these two enzyme systems were not detectable in 
the haemolymph. 


Production of 4*CO, and metabolism of 
[2-14C Jacetate 


The production of “CO, and the disappearance 
of [2-14C acetate were measured as described in the 
Methods section and the results are shown in 
Fig. 2. Curves A and B show that the production 
of “CO, by the ‘labelled’ insects ceased about 
53 hr. after they were injected with [2-14C]acetate. 
Curve B, which is derived from curve A, also shows 
that the rate of “CO, production was maximal 
during the period 50-70 min. after the flies were 
injected with [14C]acetate. Curve C shows that at 
the end of this period 94 % of the acetate originally 
present in the flies had been metabolized. 
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Fig. 2. “CO, production and [2-“C]acetate utilization by 
houseflies injected with [2-“C]acetate. A, Evolution of 
4CO, by five flies as % of that evolved after 18 hr. 
(100% = 900 000 counts/min.); B, rate of evolution of 
M4CO, as % of rate between 50 and 70 min.; C, utilization of 
[2-4C]acetate (by individual flies) as % of that present at 
zero time (100% = 3000 counts/min.). 
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DISCUSSION 


In the present work the amino acids identified in 
the whole fly and in the haemolymph are, in 
general, the same as those reported ‘present in the 
haemolymph of the housefly by Pratt (1950). The 
one exception is arginine, which he reported to be 
absent from the haemolymph. Arginine was identi- 
fied in the whole fly extract by comparative 
chromatography and by the Sakaguchi test, and in 
the haemolymph extract by comparative chro- 
matography. Winteringham e¢ al. (1955) have also 
reported the presence of free arginine, as well as 
the insect phosphagen, phosphoarginine, in thoracic 
tissues of the adult housefly. Five of the amino 
acids («-alanine, B-alanine, glutamic acid, glutamine 
and methionine sulphoxide) are present in relatively 
high concentrations in the whole fly, and three of 
these («-alanine, glutamine and methionine sul- 
phoxide) are also present in high concentrations in 
the haemolymph. The relatively high concentration 
of methionine sulphoxide found is not thought to 
be due to its formation from methionine during 
chromatography, for under the same conditions 
added methionine is not oxidized to its sulphoxide. 
High concentrations of methionine sulphoxide have 
also been found in female adult mosquitoes (Chen, 
1958). The fact that this acid was absent from a 
hydrolysate of ‘housefly’ protein indicated that it is 
not a constituent of the protein of the fly. A 
similar observation was made with regard to f- 
alanine. The isatin test showed that proline is 
present in high concentrations both in the tissues 
and in the haemolymph, a fact which was not 
obvious from the chromatograms treated with 
ninhydrin because of the pale-yellow colour that 
proline gives with this reagent. 

In bacteria f-alanine can be obtained by the 
decarboxylation of aspartic acid (Virtanen, Rintola 
& Laine, 1938). However, it appears very unlikely 
that it is obtained in this manner in the fly, 
because aspartic acid is labelled, but there is no 
evidence of B-alanine’s being labelled. 

It is well known that in vertebrates y-amino- 
butyric acid is specially concerned in the meta- 
bolism of nervous tissue, such as the brain (Elliott, 
1958; Roberts & Baxter, 1958). The fact that this 
amino acid was discernible only in the housefly 
head extracts shows that it is more concentrated in 
the head than in the rest of the fly and suggests 
that in insects, too, it may be specially concerned 
in the metabolism of nervous tissue. Further, 
since both glutamic acid and y-aminobutyric 
acid were labelled in the fly, it is quite likely 
that the latter amino acid was derived from the 
former as a result of glutamic acid-dezarboxylase 
activity. This suggestion is supported by the fact 
that glutamic acid-decarboxylase activity has 
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been demonstrated in bee brain in vitro (Toschi, 
1961). 
One of the most striking differences between the 


amino acid composition of the tissues and that of 
the haemolymph is the high concentration of 


aspartic acid and glutamic acid in the former and 
their low concentration in the latter. Kermack & 
Stein (1959) have observed a similar distribution in 
the locust (Locusta migratoria migratorioidies), 
where these amino acids are present in muscle 
extracts but are absent from haemolymph. 
Bellamy (1958) has shown that glutamic acid is 
more concentrated in the head than in other tissues 
of the desert locust (S. gregaria). Terner, Eggleston 
& Krebs (1950) have shown that glutamic acid is 
concentrated in rat-brain cells, and there it is 
thought to play a highly specific and important 
role in the transport of potassium ions across cell 
membranes. It may be that it is playing a similar 
role in the fly. 

Winteringham & Harrison (1956) showed that 
when houseflies are injected with [2-l4C]acetate, 
a-alanine, aspartic acid, glutamic acid, glutamine, 
and proline become labelled. A similar result was 
obtained by Clements (1959), who showed that 
when the fat-body of the desert locust (iS. gregaria) 
is incubated with [2-4C]acetate, glutamic acid and 
proline become labelled. The present work with the 
housefly confirms the observations of Winteringham 
& Harrison and has been extended to investigate 


the nature of the specific activity—time curves of 


the labelled amino acids. The steep slope of the 
specific activity—time curve of glutamic acid and 
of glutamine (Fig. 1) indicates that these two 


amino acids are rapidly ‘turned over’ in the tissues 
of the fly. 

That glutamic acid is playing an important role 
as a ‘carbohydrate—amino acid’ link in the fly is 
indicated by the following observations: (1) glut- 
amic acid is concentrated in the tissues rather than 
in the haemolymph; (2) after injection of the flies 
with [2-“C]lacetate, glutamic acid is rapidly 
labelled, presumably by its interconversion with 
«-oxoglutaric acid; (3) Glutamic—alanine trans- 
aminase and glutamic—aspartic acid transaminase 
enzyme systems are present in the sarcosomes. 
These observations indicate that glutamic acid 
plays a very similar role in the fly and in vertebrate 
tissues. 

The presence of transaminase activity in the 
sarcosomes and its absence from the haemolymph 
is not surprising, because aspartic acid and glut- 
amic acid, which are major participants in the 
transaminase reactions, are concentrated in the 
tissues and not in the haemolymph. This result is 
in keeping with that of McAllan (1958), who found 
no transaminase activity in the haemolymph of the 
cockroach (P. americana). 

The results show that «-alanine and aspartic acid 
are labelled in the fly. Since glutamic acid is not a 
precursor of either of these acids they must become 
labelled from another source. It is well known that 
oxaloacetic acid can be decarboxylated, resulting in 
the production of pyruvic acid (Ochoa & Weisz- 
Tabori, 1948; Lewis & Price, 1956) and, when this 
transaminates with glutamic acid, alanine is one of 
the products. Similarly, when oxaloacetic acid 
transaminates with glutamic acid, aspartic acid is 


Table 4. Concentrations (mg./100 ml.) of some amino acids present in the 
blood of insects and of vertebrates 


Insecta 
Musca Locusta Bombyx Sphinx Schistocerca 
domestica migratoria mort ligustri gregaria 
(1) (2) (2) (2) (3) 
Alanine 24-7 34-1 37-2 52-8 33-0 
Aspartic acid 4-6 4-7 0-0 79 = 
Glutamic acid 12-2 0-0 0-0 25°6 75:0 
Glutamine 58-6 165-0* 209-0* 121-0* 139-0 
Proline 78-3 62-9 i8-0 34-1 46-0 
Vertebrata 
Cyprinus Gallus Oryctolagus 
carpio bankiva cuniculus 
(2 (2) (2) 
Alanine 5-6 4-6 - 
Aspartic acid 0-0 3-4 0-0 
Glutamic acid 2-0 16-5 3-4 
Glutamine 6-7* j ; 14-8* 
Proline 0-0 3°5 3-1 


(1) Data obtained in present work. 


* Calculated from the difference between total and free glutamic acid. Total glutamic acid 
glutamine. 


(2) Florkin (1954). (3) Treherne (1959). 
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produced. Thus labelled oxaloacetate can act as 
the source of both labelled alanine and aspartic 
acid. 

If one of the pathways of acetate metabolism in 
the fly leads to the Krebs cycle, then after injection 
of [2-!4C]acetate one would expect CO, to be 
expired by the fly. That this is so is shown by curve 
A in Fig. 2. It might also be expected that the 
evolution of “CO, would continue for a period 
after the time when there is no [!4C]acetate left. 


This would be due to the fact that the precursors of 


the carbon dioxide, namely the Krebs cycle inter- 
mediates and other labelled intermediates which 
are in equilibrium with this cycle, would still be 
labelled for a period after all the [!4C]acetate had 
been metabolized (curves B and C, Fig. 2). If it is 
assumed that the rate of evolution of carbon 
dioxide is constant over the period 0—5 hr. (Fig. 2) 
then curve B represents the change in specific 
activity of the CO, over this period. If a decrease 
in the specific activity of the “CO, is indicative of 
an immediately previous decrease in the specific 
activities of the Krebs cycle intermediates, then 
one would expect the specific activity—time curves 
of the amino acids, which are in rapid equilibrium 
with these intermediates, to correspond closely in 
time to the specific activity curve of the “CQ,. 
That they do so can be seen by comparing the 
curve for glutamic acid (Fig. 1) with that of the 
MCO, (Fig. 2). That the equilibrium between 
proline and the Krebs cycle intermediates is not so 
rapid as that between glutamic acid or glutamine 
and these intermediates is shown by the fact that 
proline attains its maximum specific activity later 
than do either of these acids (Fig. 1) and later than 
the 4CO,. 

Finally, the housefly is typical of the Insecta in 
that the concentrations of amino acids in its 
haemolymph are similar to those in the haemo- 
lymph of other insects and are greater than those in 
vertebrate blood (Table 4). 


SUMMARY 


1. The amino acids «-alanine, B-alanine, argin- 
ine, aspartic acid, y-amino butyric acid, glutamic 
acid, glutamine, glycine, leucine, lysine, methionine 
sulphoxide, phenylalanine, proline, serine, taurine, 
tyrosine and valine have been identified in extracts 
of adult houseflies. 

2. Aspartic acid and glutamic acid are concen- 
trated in the tissues of the fly and were hardly 
detectable in the haemolymph. y-Aminobutyric 
acid was detectable only in the head extracts. 

3. After injection of the fly with [2-™C]acetate, 
a-alanine, aspartic acid, y-aminobutyric acid, 
glutamic acid, glutamine and proline became 
labelled. 
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4. Labelled «-alanine, aspartic acid, glutamic 
acid and proline were identified in a protein hydro- 
lysate from ‘labelled’ flies. 

5. Glutamic—alanine- and glutamic—aspartic acid- 
transaminase activity was demonstrated in sarco- 
somes isolated from flight-muscle, but these two 
enzyme systems were not detectable in haemo- 
lymph. 


I wish to thank Mr F. P. W. Winteringham and Mr S$. E. 
Lewis for much helpful discussion and advice. I also have 
much pleasure in acknowledging the participation of 
Dr Nora Toschi in part of the experimental work. 
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The Metabolism of Isolated Rat-Liver Nuclei 
during Chemical Carcinogenesis 


THIOACETAMIDE AND p-DIMETHYLAMINOAZOBENZENE (BUTTER YELLOW) 


By K. R. REES anp G. F. ROWLAND 
Department of Chemical Pathology, University College Hospital Medical School, London, W.C. 1 


(Received 19 October 1960) 


The feeding of thioacetamide to rats for 6 months 
or more results in the appearance of liver tumours 
(cholangiocarcinoma) (Fitzhugh & Nelson, 1948). 
Histological changes are, however, apparent in 
the liver after a few days of feeding (Gupta, 1956). 
The most striking of these early changes is the 
enlargement of the parenchymal cell nucleus 
and nucleolus. Preliminary studies on the nuclear 
fraction of liver homogenates after several weeks 
of thioacetamide feeding showed an altered chemi- 
cal composition and changes in metabolism (Grant 
& Rees, 1957). With the development of improved 
methods for isolating liver nuclei free from con- 
taminants, a more detailed study has now been 
undertaken. 

During the 6 months of feeding, liver nuclei were 
isolated at various intervals from 1 to 22 weeks. 
Chemical analysis of these preparations showed 
quantitative changes in the nucleic acids, proteins 
and phospholipids. In view of these findings the 
incorporation of labelled metabolites into protein 
and ribonucleic acid in vitro was studied. 

Histological studies of livers of rats fed on a 
range of hepatocarcinogens have been well docu- 
mented (Firminger, 1955). The histological changes 
during the induction period vary according to the 
compound used. Thus it was of interest to know 
whether the biochemical changes observed in the 
nuclei after the feeding of thioacetamide are due to 
the carcinogenic process or to the specific substance 
fed. For this reason similar studies were under- 
taken by using the hepatocarcinogen p-dimethyl- 
aminoazobenzene (butter yellow). 


MATERIALS AND METHODS 


Nuclear preparations. Nuclei were isolated in 0-25m- 
sucrose as described by Rees & Rowland (1961). 

Radioactive substances. [2-4C]Glycine, [6-™C]orotic acid 
and [8-!4C]Jadenine hemisulphate were obtained from The 
Radiochemical Centre, Amersham, Bucks. 

For incorporation of [6-!C]orotic acid and [8-'C]adenine 
into ribonucleic acid (RNA) the system used was: sodium 
phosphate buffer, pH 7-4, 20 mm; glucose, 12 mm; NaCl, 
10 mm; 1 wo of [!4C]adenine or [*C]orotic acid; 1-5 ml. of 
nuclear suspension in 0-25M-sucrose; water to 2-5 ml. The 
temperature was 30°. The reaction was stopped by the 
addition of 2-0 ml. of ice-cold 10% (w/v) HClO,. The pre- 
cipitate was washed four times with 2-0 ml. of ice-cold 2% 
(w/v) HC1O,, twice with ethanol and twice with ether. 

For incorporation of [2-!C]glycine into nuclear protein 
the system used was: sodium phosphate buffer, pH 7-4, 
20 mm; NaCl, 20 mm; [C]glycine, 1 wo; 1-5 ml. of nuclear 
suspension in 0-25M-sucrose; water to 2-5 ml. The tempera- 
ture was 38°. The reaction was stopped by the addition of 
2-0 ml. of 20% trichloroacetic acid. The precipitate was 
extracted with 5 ml. of 5% (w/v) trichloroacetic acid for 
20 min. at 90°. The protein residue was then washed suc- 
cessively with 5 ml. of 5% trichloroacetic acid containing 
1% (w/v) of glycine and 5 ml. of 5% trichloroacetic acid, 
then twice with ethanol and twice with ether. The protein 
residue was dried at room temperature. 

The methods for determining radioactivity are as 
described by Rees & Rowland (1961). 

Chemical determinations. Nuclear counts, nitrogen, RNA, 
deoxyribonucleic acid (DNA) and phospholipids were 
determined as described by Rees & Rowland (1961). 

Animals. Male Norwegian hooded rats bred from the 
same colony were used. Rats were put on the diets when 
their body weights reached 140-170 g. The basic diet was 
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Medical Research Council 41 B meal (Bruce & Parkes, 1946) 
fed ad lib. Thioacetamide: 330 mg. dissolved in 20 ml. of 
ethanol was mixed with 1 kg. of meal. p-Dimethylamino- 
azobenzene: 600 mg. suspended in 20 ml. of ethanol was 
mixed with 1 kg. of meal. For the controls, 20 ml. of 
ethanol was mixed with 1 kg. of meal. Water was given 
ad lib. 


RESULTS 
Histological changes 


Thioacetamide. The histological changes in the 
livers of animals fed with thioacetamide have been 
described by Gupta (1956). In our experiments the 
same sequence of events was observed. For the 
purposes of this investigation these changes have 
been divided into three arbitrary divisions. The 
first stage (1-7 weeks) shows enlargement of the 
parenchymal cell nuclei with an enlarged solitary 
nucleolus (‘starry’ nuclei; Gupta, 1956). Also 
there was some cell death with pycnotic nuclei. 
Towards the end of this period very slight bile- 
duct-cell proliferation could be observed. In the 
second stage (8-15 weeks) there is progressive bile- 
duct-cell proliferation, and towards the end 
cirrhosis develops. The final stage (17-22 weeks) 
shows similar changes, but with the onset of bile- 
duct-cell tumours (cholangiocarcinoma) and re- 
generation nodules. 

p-Dimethylaminoazobenzene. The histology of the 
livers of rats fed with p-dimethylaminoazobenzene 
has been described by Orr (1940). Similar changes 
were obtained in our experiments. Again three 
arbitrary divisions have been made covering the 
22 weeks of treatment. The first stage (1-4 weeks) 
shows little histological change apart from a 
progressive inflammatory response. At 3 weeks, 
however, three out of four animals showed an 
apparent increased density of parenchymal cells in 
the region of the portal vessels. The second stage 
(5-9 weeks) shows progressive bile-duct-cell pro- 
liferation and towards the end moderate cirrhosis 
is present. A very striking change in this stage is 
the presence of large variations in nuclear size with 
many nuclei reaching diameters four times that of 
normal nuclei. The final stage (10-22 weeks) is 
dominated by large areas of cellular regeneration 
showing several mitotic figures and islands of 
densely packed cells. 


Chemical composition 


Thioacetamide. During the course of feeding 
thioacetamide to rats, treated and control animals 
were killed at 3- to 4-week intervals. Nuclei were 
isolated from their livers and subjected to chemical 
analysis. Table 1 shows the results of determining 
the numbers of nuclei and their nitrogen content. 
The nitrogen content of the nuclear fraction in- 
creases by over 50% within 2 weeks of feeding. 
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Since there is no rise in the nuclear numbers during 
the 21-week period, there is a considerable increase 
in the nitrogen content per nucleus. Determina- 
tions of nucleic acid phosphorus of nuclear pre- 
parations were made (Table 2). There was a rapid 
rise in the RNA P and a rapid but smaller rise in 
the DNA P expressed in terms of liver weight and 
per nucleus. In relation to nuclear nitrogen, the 
RNA P was constant and there was a slight 
decrease in DNA P. Similarly, phospholipid P 
increased per nucleus, the ratio to nuclear nitrogen 
remaining constant (Table 3). The results given in 
Tables 1-3 were obtained from the same group of 
animals. 

p-Dimethylaminoazobenzene. Similar experiments 
were carried out on rats fed on p-dimethylamino- 
azobenzene. At 2 weeks there was a rise in nuclear 
numbers which reached a maximum at 3 weeks. 
After this, nuclear numbers declined, and in the 
later stages of the experiment (14 weeks onwards) 
fell slightly below the levels of the controls 
(Table 4). A corresponding increase in nuclear 
nitrogen occurred as expressed in terms of liver 
weight, with a maximum at 3 weeks, followed by 
a gradual return to normal values. That the 
changes in nuclear numbers and nuclear nitrogen 
are not proportional can be seen by reference to the 
results of the nitrogen content per nucleus. A rise 
occurred in the nucleic acid content of the nuclear 
preparations with maximum values at 5 weeks 
(Table 5). The DNA values remained above those of 
the controls over the whole 22-week period, whereas 
the RNA content returned to the control level in 
the last 5 weeks. The nucleic acid content per 
nucleus, however, at 2—3 weeks is below the control 


Table 1. Nuclear numbers and total nuclear nitrogen 
from the livers of rats fed on thioacetamide 


The control values are the means of 18 animals killed at 
intervals during the 21-week period +-s.£. The other values 
are for individual, treated animals. 


Numbers of Total nuclear nitrogen 
nuclei/pg..§_ ——__*___ 


Weeks of wet wt. (mg./g. wet 
feeding of liver wt. of liver) (ypg./nucleus) 
Control 116+10-2 1-58+0-04 13-7+0-91 

2 157 2-78 17-8 
126 2-30 18-3 
6 155 2-75 17-8 
137 2-32 16-9 
10 113 1-97 17-5 
133 2-75 20-7 
13 185 2-97 16-2 
135 2-20 16-3 
17 183 2-88 15-7 
152 2-66 17-7 
21 146 3-22 21-8 
107 2:26 21-2 











Table 2. 


The control values are the means of 17 animals killed at intervals during the 21-week period 


values are for individual, treated animals. 


pg. of phosphorus/g. 
wet wt. of liver 
Weeks of —— 
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Nucleic acid phosphorus in liver nuclei from rats fed on thioacetamide 


s.p. The other 


pg. of phosphorus/mg. of 
total nuclear nitrogen 


ppg. of phosphorus/nucleus 


RNA DNA RNA | 


feeding DNA RNA 

Control 115+5-9 69-0 +.2-5 72-442-9 42-341-4 0-99 +.0-05 0-60 + 0-04 

2 140 117 51 42 0-87 0-78 

141 107 61 46 1-09 0-79 

6 147 129 53 47 0-95 0-84 

145 113 63 49 1-06 0-82 

10 135 93 69 47 1-19 0-82 

151 129 55 47 1-13 0-97 

13 151 130 51 44 0-82 0-70 

140 104 64 47 1-03 0-77 

17 141 118 49 39 0-77 0-64 

131 105 49 39 0-86 0-69 

21 138 147 43 46 0-93 1-00 

123 126 54 56 1-15 1-18 





Table 3. Phospholipid phosphorus in liver nuclei 
from rats fed on thioacetamide 


The control values are the means of 16 animals killed at 
intervals during the 21-week period +s.z. The other values 
are for individual, treated animals. 





Phosphorus 
"ae A— ——— ~ 
(ug-/g- (pg./mg. of 
Weeks of wet wt. total nuclear (upg./ 
feeding of liver) nitrogen) nucleus) 

Control 60-5+3-6 38-1+1-0 0-53 +0-04 

2 116 42 0-72 

125 54 1-00 

6 125 45 0-81 

130 56 0-95 

10 84 43 0-74 

109 40 0-82 

13 132 44 0-72 

78 35 0-58 

17 129 45 0:70 

82 31 0-54 

21 165 52 1-12 

110 49 1-02 





levels because of the large rise in nuclear number at 
this period. The phospholipid analysis of the 
nuclear preparations presents a similar picture to 
that of the nucleic acids (Table 6). The results 
given in Tables 4-6 were obtained from the same 
group of animals. 


Incorporation experiments 
Thioacetamide. It has been shown that isolated 
rat-liver nuclei will incorporate [#4C]glycine into 
the nuclear protein and [?4C]orotic acid and [#4C]- 
adenine into the nuclear RNA (Rees & Rowland, 
1961). These systems have been applied to the 


precancerous liver nuclei. Control and treated 
animals were killed at intervals during the course 
of feeding. The results of the incorporation experi- 
ments in vitro have been expressed as a percentage 
decrease or increase in the values for the treated 
animals over their corresponding controls. The 
incorporation of [4C]glycine showed no significant 
change. Fig. 1 shows the percentage change in the 
incorporation of [#4C]orotic acid and [!4C]adenine 


Table 4. Nuclear numbers and total nuclear nitrogen 
from the livers of rats fed on p-dimethylaminoazo- 
benzene 


The control values are the means of 18 animals killed at 
intervals during the 22-week period +s.z. The other values 
are for individual, treated animals. 


Numbers of Total nuclear nitrogen 
nuclei/yg. §$_ ————_*___ 


Weeks of wet wt. (mg./g. wet 
feeding of liver wt. of liver) (ypg./nucleus) 
Control 116+10-2 1-58+0-04 13-7 +0-91 

2 174 oss a=. 

3 261 2-40 9-2 

5 155 2-25 14-5 

7 116 2-06 17-7 

9 160 1-72 10-5 

14 100 2-15 21-6 
17 122 1-4] 11-5 
123 1-56 12-7 

18 88 1-21 14-0 
91 1-28 14-2 
19 94 1-48 15-8 
96 1-45 15-1 
22 131 1-82 13-9 
112 1:72 15-3 
67 1-52 22-8 
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Table 5. Nucleic acid phosphorus in liver nuclei from rats fed on p-dimethylaminoazobenzene 


The control values are the means of 17 animals killed at intervals during the 22-week period+s.z. The other 


values are for individual, treated animals. 


pg. of phosphorus/g. 
wet wt. of liver 


A 


Weeks of 


RNA 


pg. of phosphorus/mg. of 
total nuclear nitrogen 


DNA 


ppg. of phosphorus/nucleus 


RNA | 


feeding DNA RNA DNA 

Control 115+5-9 69 +2°5 72-442-9 42:-4+41-4 0-99 +0.05 0-60 + 0-04 

2 99 59 — = 0-57 0-35 

é 119 91 49 37 0-45 0-34 

5 158 90 69 40 1-01 0-58 

7 128 86 62 42 1-11 0-74 

9 137 101 80 38 0-84 0:73 

14 138 89 64 41 1-39 0-89 

17 126 67 90 48 1-03 0-55 

147 75 94 48 1-19 0-62 

18 167 72 138 60 1-93 0-84 

158 2 123 64 1:77 0-93 

19 136 57 92 39 1-43 0-60 

123 62 85 43 1-28 0-65 

22 153 60 84 40 1-16 0-90 

166 - 97 + 1-49 _— 


Table 6. Phospholipid phosphorus in liver nuclei 
from rats fed on p-dimethylaminoazobenzene 


The control values are the means of 16 animals killed at 
intervals during the 22-week period +s.£. The other values 
are for individual, treated animals. 


Phosphorus 
er ree - re rr 7 
(vg-/g- — (wg./mg. of 
Weeks of wet wt. total nuclear (wpg./ 
feeding of liver) nitrogen) nucleus) 

Control 60-5+43-6 38-1+41-0 0-53 +0-04 

2 54 — 0-29 

3 97 40 0-36 

5 72 32 0-44 

7 94 46 0-81 

9 94 32 0-72 

14 86 40 0:87 

17 41 29 0-34 

43 27 0-35 

19 42 29 0-44 

61 42 0-63 

22 68 38 0-52 

46 27 0-41 

39 26 0-59 


over the control values. A rapid fall took place in 
the first 3 weeks and the level of incorporation 
remained depressed over the whole 21-week period. 

p-Dimethylaminoazobenzene. Similar incorpora- 
tion experiments were carried out in vitro during 
the course of feeding p-dimethylaminoazobenzene. 
Fig. 2 shows experiments on the incorporation of 
[“C]glycine into the protein of liver nuclei. There 
was an initial rise, but from 3 weeks onwards the 
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Fig. 1. Incorporation in vitro of [C]adenine (@) and 


[4C]orotic acid (O) into liver nuclei from rats fed on 
thioacetamide. Percentage deviation from _ controls. 
[Mean control values for 22 animals are: orotic acid 
172 (+14) and adenine 148 (-+ 15) counts/min. corrected to 
infinite thickness. ] 


values of the treated animals fell below those of the 
controls and remained down for the remainder of 
the experiment. In the incorporation of [C]- 
orotic acid and [!4C]adenine into nuclear RNA 
(Fig. 3) a progressive rise took place over the first 
10 weeks of feeding. After this values fell, and by 
20 weeks had fallen below control levels. 


DISCUSSION 


Although the histological changes observed in 
the livers of thioacetamide-fed rats fall conveni- 
ently into the three stages described, the changes 
in the parenchymal cell nuclei, once developed, are 
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Fig. 2. Incorporation in vitro of [!C]glycine into liver 
nuclei from rats fed on p-dimethylaminoazobenzene. 
Percentage deviation from controls. [Mean control value 
for 17 animals is 250 (+18) counts/min. corrected to 
infinite thickness. ] 
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Fig. 3. Incorporation in vitro of [C]adenine (@) and 
[44C]orotic acid (O) into liver nuclei from rats fed on p- 
dimethylaminoazobenzene. Percentage deviation from 
controls. [Mean control values for 22 animals are: orotic 
acid 172 (+14) and adenine 148 (+15) counts/min. 
corrected to infinite thickness. ] 








maintained fairly steadily throughout the 22 weeks. 
Thus in the first histological stage, nuclear nitrogen, 
nucleic acid and phospholipid contents rise and 
remain high throughout the second and final stages. 
This is probably due to a different cause in each 
stage. In the first histological stage nuclear and 
nucleolar enlargement probably account for the 
high chemical content, whereas in the other stages 
it may be due to bile-duct-cell proliferation and 
regeneration nodules. The results of the incorpora- 
tion experiments are more difficult to interpret. 
Thus glycine incorporation is not raised when 
nuclear protein is increasing. If the incorporation 
of glycine in vitro reflects protein synthesis in vivo, 
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two possible explanations for this discrepancy are 
(1) a decrease in the breakdown of protein in the 
nucleus, or (2) that nuclear preparations from the 
thioacetamide-fed rats contain a number of nuclei 
that do not incorporate glycine. Histological 
examination shows areas of pycnotic nuclei in these 
livers and their presence may mask an increased 
incorporation of glycine by the other nuclei. We 
have not confirmed the earlier findings of Grant & 
Rees (1957) of an increase in glycine incorporation 
into the nuclear preparations from the livers of 
thioacetamide-fed rats. 

The incorporation of orotic acid and adenine into 
the RNA is reduced at a period when marked in- 
crease of RNA is taking place. This again could be 
due either to a decreased rate of breakdown of the 
RNA or to the presence of pyenotic nuclei in the 
preparation. 

On feeding 
biochemical changes in the nucleus show a closer 
correlation with the histological stages. This may 
be due to the absence of pyenotic nuclei. The first 
histological stage with its increase in nuclear 
numbers at 3 weeks shows corresponding increases 


p-dimethylaminoazobenzene, the 


in the incorporation of glycine, orotic acid and 
adenine. Chemical analysis of the nuclear pre- 
parations also shows a rise in protein, nucleic avid 
and phospholipid. However, the rate at which 
nuclear numbers have increased must have out- 
stripped the rate of increase of these substances 
since the amount per nucleus by 3 weeks has fallen 
below that of control values. 

In the second histological stage the presence of 
giant nuclei is reflected in the 
maximum orotic acid and adenine incorporation 
into the RNA and maximum content of the 
chemical substances that were determined. The fall 
in glycine incorporation below control levels agrees 
closely with the previous findings of Grant & Rees 
(1957). Since there are no pycnotic nuclei it is 
possible that increase in protein content is the 
result of decreased breakdown. 

In the final histological stage there was a return 
to normal values of the synthetic processes and the 
chemical composition, with the exception of the 
DNA levels. This may be correlated with the 
cellular regeneration that is taking place at this 
time. The large number of mitotic figures present 
may explain why the DNA content is still raised. 

One of the difficulties in studying nuclei from the 
precancerous liver by these methods is that the 
nuclear preparation shows greater variation in 
nuclear types as the experiment proceeds. For 
example, when bile-duct-cell proliferation takes 
place, the ratio of parenchymal cell nuclei to bile- 
duct-cell nuclei decreases; also the size of the 
parenchymal cell nuclei changes. It could thus be 
argued that a more favourable approach is the use 
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of radioautographic techniques (Logan, Ficq & 
Errera, 1959). This permits the study of incorpora- 
tion experiments in individual nuclei but does not 
give any information about the quantitative 
chemical changes in the nuclei. 

It is of interest to know whether there are any 
common biochemical changes in the nuclei as a 
result of feeding the two carcinogens. However, the 
two types of nuclear preparations behaved 
differently in the incorporation of labelled pre- 
cursors into nucleic acids and proteins, even though 
both groups of nuclei, however, showed increases in 
their protein, nucleic acid and_ phospholipid 
content. Thus, although a reasonable correlation is 
obtained between the biochemical and histological 
changes in the two groups, there is so far little 
evidence of any common pattern in the nuclear 
changes. It is therefore necessary to study more 
hepatocarcinogens and to compare them with 
compounds which produce non-malignant hyper- 
plasia of liver and bile-duct cells. 


SUMMARY 


1. Nuclei were isolated in 0-:25mM-sucrose from 
the livers of normal rats and of rats fed with either 
thioacetamide or p-dimethylaminoazobenzene. 

2. Nuclear counts, nuclear nitrogen, deoxyribo- 
nucleic acid, ribonucleic acid and phospholipids 
were determined on the nuclei of treated rats at 
intervals during the 22-week feeding period. In all 
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cases an increase over controls was obtained during 
the early weeks of feeding. 
3. The incorporation in vitro of [2-™“C]glycine 
into protein, and [6-'C]orotic acid and [8-'4C]- 
adenine into RNA of the isolated nuclei was 
studied in control and treated animals over the 
feeding period. Orotic acid and adenine incorpora- 
tion fell in thioacetamide-treated animals and rose 
in p-dimethylaminoazobenzene treatment. 

4. The results are correlated with the histology 
of the livers of the treated rats and discussed in 
relation to carcinogenesis. 
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Mammalian Fucosidases 


1. THE SYNTHESIS OF SUBSTRATES AND INHIBITORS 


By G. A. LEVVY anp A. McALLAN 
Rowett Research Institute, Bucksburn, Aberdeen 


(Received 13 January 1961) 


A comparative study has already been made of 


the occurrence of fB-p-glucuronidase, B-N-acetyl- 
D-glucosaminidase, «-D-mannosidase and _ f-p- 
galactosidase in mammalian tissues (Conchie, 
Findlay & Levvy, 1959a, b), and it was suggested 
that these énzymes could have a common function 
Since L- 
fucose (6-deoxy-L-galactose) is frequently found in 
compounds of this class, it was decided to examine 
the same tissues for L-fucosidase activity, and also 


28 


in the catabolism of mucosubstances. 


to test for p-fucosidase activity. D-Fucose has not 
been reported in animals, but it does occur in 
plants, and the enantiomorphs of fucose are 
related in the same sense as D-glucose is to L- 
gulose, being theoretically capable of intercon- 
version by end-to-end oxidation—reduction. It was 
also possible that B-p-galactosidase would hydro- 
lyse B-p-fucosides. The enzyme studies form the 
subject of subsequent communications. For con- 
venience, the syntheses of the substrates are 
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collected together here, along with the preparation 
of the possible enzyme inhibitors, D- and L-fucono- 
lactone (ef. Conchie & Levvy, 1957). 


EXPERIMENTAL 


Determinations of carbon, hydrogen and nitrogen are 
by Weiler and Strauss, Oxford. Melting points are cor- 
rected. p-Fucose (L. Light and Co. Ltd.; Aldrich Chemical 
Company Inc.) and t-fucose (L. Light and Co. Ltd.) are 
treated together below. 

Tetra-O-acetyl-a-fucose. Attempts to prepare B-L-fucose 
tetra-acetate by the method of Westphal & Feier (1956) 
were unsuccessful. The «-anomer was prepared by the same 
general method as that of Wolfrom & Orsino (1934) and 
Iselin & Reichstein (1944), and an identical procedure was 
employed for p-fucose. 

Fucose (5 g.) was added over 15 min. to a mixture of 
acetic anhydride (42 ml.) and pyridine (54 ml.), cooled in 
ice--salt, and the liquid was mechanically stirred for 4 hr. 
with continued cooling. After 2 days at 0°, the liquid was 
poured on crushed ice and stirred for 4 hr., more ice being 
added when necessary. The mixture was extracted with 
chloroform (250 ml. total), and the chloroform layer was 
washed six times with an equal volume of water, and dried 
over CaCl,. Removal of the chloroform gave the mixed «- 
and f-tetra-acetates as a colourless syrup (10 g.), which 
was satisfactory for condensation with p-nitrophenol. 
Crystallization from ethanol gave the «-tetra-acetate as 
colourless prisms. 

Tetra-O-acetyl-x-L-fucose was obtained in a yield of 
7-2 g. (71%); m.p. 92-93°; [«]f? - 113° in chloroform (c, 
1-5), and —138° in acetone (c, 1-5). Wolfrom & Orsino 
(1934) give m.p. 92—93°; [«]p — 120° in chloroform; Iselin & 
Reichstein (1944) give m.p. 93°; [«]p — 130° in acetone. The 
enantiomorph, fetra-O-acetyl-x-D-fucose, was obtained in a 
yield of 4-0 g. (40%); m.p. 92-93°; [a]p + 129° in chloro- 
form (c, 1-5) and + 143° in acetone (c, 1-5) (Found: C, 50-5; 
H, 6-2. C,H. ,0, requires C, 50-6; H, 6-0%.) 

p-Nitrophenyl tri-O-acetyl-x-fucoside. The procedure em- 
ployed by Westphal & Feier (1956) for condensing p-nitro- 
phenol with B-L-fucose tetra-acetate in the presence of ZnCl, 
catalyst was only slightly modified. Attempts to make the 
anomeric f-fucoside triacetate by this reaction, with other 
catalysts, were unsuccessful. p-Toluenesulphonic acid, 
H,SO, and AICl, merely gave diminished yields of the «- 
anomer, whereas Hg(CN), gave back the starting material 
unchanged. Dissolving the ZnCl, in an acetic acid—acetic 
anhydride mixture made the procedure unreliable. 

Tetra-O-acetyl-fucose (5 g. of crystalline «-form or, pre- 
ferably, «8 syrup), p-nitrophenol (9-5 g.) and powdered, 
anhydrous ZnCl, (3-2 g.) were fused together under dimin- 
ished pressure at 120°, and heating was continued for 
2 hr. with occasional shaking. After cooling, the melt was 
poured into chloroform (250 ml.) and washed with water, 
0-1n-NaOH and water, all ice-cold. The chloroform layer 
was dried over CaCl, and the solvent was removed under 
reduced pressure. Several evaporations from methanol 
gave a crystalline product which was recrystallized from 


the same solvent to give clusters of colourless needles 
(2-1 g., 34%). 

p-Nitrophenyl tri-O-acetyl-«-L-fucoside had m.p. 168- 
170°; [«]#? — 228° in chloroform (c, 0-5). Westphal & Feier 


(1956) give m.p. 169-170° and [a], — 222° in chloroform, 
p-Nitrophenyl tri-O-acetyl-a-p-fucoside had m.p. 169-170°; 
[x]? + 231° in chloroform (c, 0-5) (Found: C, 52-3; H, 5-4; 
N, 3:4. C,,H,,0,)N requires C, 52-6; H, 5-1; N, 3-4%). 

p-Nitrophenyl «-fucoside. The triacetate (5 g.) in methanol 
(90 ml.) was refluxed with 0-1N-sodium methoxide in 
methanol (9 ml.) for 45min. When the solution was 
evaporated to one-quarter volume, the fucoside separated 
as colourless needles which were recrystallized from 
methanol (1-5 g., 43%). After acid hydrolysis, the fucoside 
gave a yellow colour with alkali. 

p-Nitropheny]«-L-fucoside had m.p. 194-196° ; [«]j? — 317 
in acetone (c, 0-4). Westphal & Feier (1956) give m.p. 196- 
197°. p-Nitrophenyl «-v-fucoside had m.p. 193-194°; 
[a]}?? + 329° in acetone (c, 0-4) (Found: C, 50-5; H, 5-4; N, 
5-5. C,.H,;0,N requires C, 50-5; H, 5-3; N, 4-9%). 

Tri-O-acetylfucosyl bromide. This was made by the one- 
stage process of Barezai-Martos & K6résy (1950), keeping to 
their molecular proportions. The product was a colourless 
gum (1-4 g./g. of D- or L-fucose) which could not be made to 
crystallize. 

p-Nitrophenyl tri-O-acetyl-B-fucoside. To p-nitrophenol 
(6-9 g.) in N-NaOH(69 ml.) was added a solution of aceto- 
bromofucose (14-6 g. of gum) in acetone (104 ml.). After 
5 hr. at room temperature, the acetone was sucked off, and 
the residue was poured into water (750 ml.) and extracted 
with chloroform (about 600 ml. total). The chloroform 
layer was washed with water, 0-1N-NaOH and water, all 
ice-cold, and dried over CaCl,. Removal of the chloroform 
gave an almost colourless glass (6-8 g.) from which crystals 
could be obtained only of the L-enantiomorph. p-Nitro- 
phenyl tri-O-acetyl-B-L-fucoside crystallized from ethanol 
in small needles (2-25 g.); m.p. 164-166°; [a]#?+1-5 
in chloroform or acetone (c, 1-5) (Found: C, 53-2; H, 5:3; 
N, 3-5. C,,H2,0,)N requires C, 52-6; H, 5-1; N, 3-4%). 

p-Nitrophenyl B-u-fucoside. The crystalline triacetate 
(0-57 g.) was deacetylated as described for the «-anomer, 
and the methanol solution was dried. Crystallization of the 
residue from ethanol yielded the glycoside (0-28 g., 71%) as 
clusters of fine needles; m.p. 187—189° ; [a]7? + 100° in ethanol 
(c, 1), and +78° in acetone (c, 0-8) (Found; C, 50-3; H, 5-6; 
N, 5:0. C,,H,,0,N requires C, 50:5; H, 5:3; N, 4:9%). 
After acid hydrolysis, the fucoside gave a yellow colour 
with alkali. 

p-Nitrophenyl B-p-fucoside. The triacetate gum (6:8 g.) 
was deacetylated as above. Crystallization from ethanol 
gave the glycoside (1-35 g.) as clusters of fine needles; m.p. 
186—188°; [«]?? — 85° in ethanol (c, 1), and — 96° in acetone 
(c, 0-8) (Found: C, 50-3; H, 5-6; N, 4-8. C,,H,,0,N requires 
C, 50-5; H, 5:3; N, 49%). After acid hydrolysis, the fuco- 
side gave a yellow colour with alkali. 

Fuconolactone. [According to Bates et al. (1942), L- 
fuconolactone is the 1—4-lactone.] Fucose (2 g.) in water 
(3 ml.) was shaken with Br, (1-4 ml.) in a stoppered flask 
until solution was complete, and left for 3-4 days at 37°. 
After removal of residual Br, in a stream of air, the solution 
was shaken with Ag,CO, and filtered. The filtrate was 
treated with H,S and Ag.S was removed. The solution was 
kept at 100° for 1 hr. and treated with charcoal. Evapora- 
tion of the filtrate to dryness, followed by several evapora- 
tions with acetone to remove the last traces of water, gave 
a gum which crystallized after about 45 min. in vacuo. This 
was recrystallized from acetone with charcoal treatment. 
Further crops were obtained from the mother liquor on 
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repeating the drying procedure. The yield of the pure 
lactone was 0-9 g. (46%). It titrated entirely as a lactone, 
with ring opening at pH 7-5-8. 

t-Fuconolactone had m.p. 104—106°; [«]?! + 74° in water 
(c, 2) (Equivalent weight by titration with NaOH, 171. 
Cale. for CgH,)0;, 162). Miither & Tollens (1904) give m.p. 
106-107°; [%]p +78° in water. D-Fuconolactone had m.p. 
104-106°; [x]?! — 70° in water (c, 2) (Equivalent weight by 
titration with NaOH, 163. Calc. for C,H,)0,;, 162). Votoéek 
(1902) gives m.p. 106°; [«],) — 76° in water. 





SUMMARY 


1. The «- and f-p- and t-fucosides of p-nitro- 
phenol have been prepared as substrates for 
enzyme studies, by using the Helferich reaction for 
the «- and the Koenigs—Knorr reaction for the 
B-compounds. The corresponding aldonolactones 
have also been made. 


Biochem. J. (1961) 80, 435 


MAMMALIAN FUCOSIDASES 435 


REFERENCES 


Barezai-Martos, M. & Kérésy, F. (1950). Nature, Lond., 
165, 369. 

Bates, F. J. & associates (1942). Polarimetry, Sacchari- 
metry and the Sugars. Washington: United States 
Government Printing Office. 

Conchie, J., Findlay, J. & Levvy, G. A. (1959a). Biochem. 
J. 71, 318. 

Conchie, J., Findlay, J. & Levvy, G. A. (19596). Nature, 
Lond., 183, 615. 

Conchie, J. & Levvy, G. A. (1957). Biochem. J. 65, 389. 

Iselin, B. & Reichstein, T. (1944). Helv. chim. acta, 27, 200. 

Miither, A. & Tollens, B. (1904). Ber. dtsch. chem. Ges. 37, 
306. 

Vototek, E. (1902). Z. Zuckerind. ésl. Repub. 27, 16. 
Quoted by Miither & Tollens (1904). 

Westphal, O. & Feier, H. (1956). Chem. Ber. 89, 582. 

Wolfrom, M. L. & Orsino, J. A. (1934). J. Amer. chem. Soc. 
56, 985. 


Mammalian Fucosidases 


2. «-L-FUCOSIDASE 


By G. A. LEVVY anp A. McALLAN 
Rowett Research Institute, Bucksburn, Aberdeen 


(Received 13 January 1961) 


The mammalian glycosidases, B-p-glucuronidase, 
B-N-acetyl-p -glucosaminidase, «-D-mannosidase 
and B-p-galactosidase, form a group of enzymes 
with the following features in common. They are 
present in all mammalian tissues that have been 
examined (Conchie, Findlay & Levvy, 1959a, b), 
and on structural grounds there is reason to 
believe that they will attack mucosubstances or 
their degradation products. The activity in sex 
organs, and to a lesser extent in other organs, is 
under endocrine control (Conchie & Findlay, 1959), 
and cancer tissue is usually higher than most 
normal tissues in its activity (Conchie & Levvy, 
1957a; Conchie et al. 1959a). In the liver cell, all 
four enzymes are largely confined to the cyto- 
plasmic granules (Conchie & Levvy, 1960; Sellinger, 
Beaufay, Jacques, Doyen & de Duve, 1960), but 
for B-glucuronidase at least a large part of the 
enzyme activity is free in the cytoplasm of cancer 
cells (Conchie & Levvy, 1959). Each enzyme 
mentioned is subject to powerful and selective 
competitive inhibition by the aldonolactone that 
corresponds to the substrate in structure and con- 
figuration (Conchie & Levvy, 1957b; Findlay, 
Levvy & Marsh, 1958). $-Glucuronidase hydro- 
lyses the B-glucuronides that are formed in vivo 


from alcohols, phenols and certain carboxylic 
acids (for review, see Levvy & Marsh, 1959). It 
thus may have an additional function that the 
other three enzymes lack, since there are no 
known natural substrates for them that correspond 
to the B-glucuronides, in the animal kingdom at 
least. 

L-Fucose is a frequent constituent of mucosub- 
stances (Bettelheim-Jevons, 1958), and is of 
particular interest in connexion with the sero- 
logical specificity of the blood-group substances 
(Kabat, 1956; Watkins, 1959), in which. it is 
believed on indirect evidence to have the «-con- 
figuration. The «-L-fucose residue is also found in 
the human-milk oligosaccharides (Kuhn, Baer & 
Gauhe, 1955, 1958). It therefore seemed feasible 
that the glycosidases discussed above are accom- 
panied by an «-L-fucosidase, and this possibility 
has now been examined, by using materials de- 
scribed in the preceding paper (Levvy & McAllan, 
1961). 


EXPERIMENTAL 


Enzyme preparation. The fresh tissue was suspended in 
water with the aid of an all-glass homogenizer (Jencons 
Ltd.) and made 0-1m with respect to acetic acid-NaOH 
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a-L-Fucosidase in the mouse and the rat 


For method of assay see text. Results are expressed as pg. of p-nitrophenol liberated/100 mg. of moist tissue 
in l hr. M, male; F, female; i, infant; C, tissue from castrate animal. 


Mouse 

M F iM 
Liver 53 57 105 
Liver (C) — 78 - 
Spleen 51 48 38 
Kidney 242 130 185 
Preputial parts Nil 30 - 
Testis 148 40 
Epididymis 384 . 130 
Epididymis (C) oo 
Ovary 124 
Uterus 54 
Uterus (C) — Nil 
2146 Tumour 27 20 
$37 Tumour 40 


Rat 

if M Fr iM if 
94 217 163 549 570 
--- 199 - —— —_ 
44 148 185 392 413 
201 860 532 820 820 
- 1215 960 340 440 

- 1045 — 270 —_— 
- 2780 - 210 a 
_ 184 — a i 
40 — 642 - 340 
70 te: 149 233 








buffer, pH 5-2. After 1 hr. at 37°, the homogenate was 
centrifuged at 1500g for 15 min. The cell-free supernatant 
was fractionated with (NH,),SO, and the precipitate ob- 
tained between 20 and 80% saturation was dissolved in 
water (5-10 ml./g. of tissue), and diluted as required. The 
recovery was 75% with rat epididymis, but only 50% with 
ox liver. Incomplete extraction of the enzyme accounted 
for the poor recovery in the latter case, and increasing the 
period of incubation at 37° from 1 to 4 hr. did not improve 
the extraction. On storage at 0° or — 20°, the concentrated 
preparation started to lose activity after about 3 weeks, 
and buffering to pH 5-2 with acetic acid-NaOH made no 
improvement in this respect. 

Enzyme assay. Crude homogenates were used to survey 
different tissues for enzyme activity. In studying the 
properties of the enzyme from rat epididymis and ox liver, 
fractionated preparations were usually employed. 

Unless otherwise stated, the incubation mixture con- 
tained I ml. of 0-2mM-Na,HPO,-0-1m-citric acid buffer 
(Mcllvaine, 1921), 2 ml. of 2 mM-p-nitropheny] «-L-fucoside 
and 0-5 ml. of enzyme solution. The volume was made up to 
4 ml. with water or inhibitor solution and the final pH was 
6-1. After 1 hr. at 37°, 4 ml. of 0-4m-glycine-NaOH buffer, 
pH 10-5, was added, the mixture centrifuged and the 
liberated p-nitrophenol measured on the Spekker photo- 
electric absorptiometer with Ilford no. 601 violet filters 
(peak transmission 430 my). The substrate and the agly- 
cone were quite stable in the alkaline medium. 


RESULTS 
Distribution of the enzyme 


Table 1 shows mean figures for the distribution 
of «-L-fucosidase in the mouse and the rat, based 
on three to five results. With very small organs, 
each result was obtained by pooling the tissues 
from several animals. Infant animals were 2—14 
days old, and operated animals were left at least 
4 weeks before use. The tumours were subcu- 
taneous. 

In its distribution in the mouse and the rat, 


a-L-fucosidase resembled the other mammalian 


Table 2. «-L-Fucosidase in pigs and cattle 


Results are expressed as in Table 1. 


Pigs Cattle 

_ A — eo A 

M F M F 
Liver 208 321 176 160 
Kidney 243 213 381 305 
Testis 341 — 90 
Epididymis 231 — 316 
Ovary — 103 —_ 353 
Uterus 43 _- 99 





glycosidases we have studied (Conchie et al. 
1959a,b; Conchie & Levvy, 1957a; Conchie & 
Findlay, 1959), with a particularly high activity in 
rat epididymis. The epididymal enzyme was low in 
infant animals and after orchidectomy ; a fall in the 
uterine enzyme after ovariectomy. 
Castration caused no change in liver «-L-fucosidase 


was seen 
activity in either sex. 

The figures for cancer tissue were relatively low. 
This was reflected in the figures for human vaginal 
fluid from patients with cancer of the uterine 
cervix. In a series of 15 specimens (supplied by 
Dr J. G. Lawson), there was no difference in «-L- 
fucosidase activity between cancer patients and 


controls. $-Glucuronidase and «-mannosidase are 


usually elevated in activity in patients with cancer of 


the cervix (Lawson, 1959, 1960). Like these two 
enzymes, however, «-L-fucosidase did show high 
post-menopausal activity in vaginal fluid, with 
a mean of 377yg. of p-nitrophenol/g./hr., com- 
pared with an average pre-menopausal figure of 47. 

Table 2 gives figures for «-L-fucosidase in pigs 
and cattle. Ox liver was selected for further work 
because it was freely available in the fresh state. 


Other preparations examined were extracts from 
the visceral hump of the limpet, Patella vulgata 
(Conchie & Levvy, 1957b), with an activity of 
about 40 000 ug. of p-nitrophenol/g./hr., and from 
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Trichomonas foetus (Watkins, 1959), supplied by Properties of the enzyme 

Miss Winifred Watkins, which displayed no measur- 
able «-L-fucosidase activity. 

When the anomeric p-nitrophenyl f-L-fucoside 
was employed as substrate, no hydrolytic activity 
was detected in the rat epididymis, the limpet or 
the 7’. foetus extract. 


Effects of varying the enzyme concentration and the 
duration of hydrolysis. The concentration of sub- 
strate that could be employed in this work was 
limited by its cost and by its low solubility in 
water. Fig. 1 shows that, up to about 10% 
hydrolysis of the substrate, the reaction rate was 
directly proportional to the amount of enzyme 
used. From Fig. 2 it can be seen that, below the 
same limit, the rate was unchanged for periods of 
incubation of up to 3hr., after which there was 
some inactivation. These experiments were done 
with fractionated preparations from rat epididymis. 
Experiments with similar preparations from ox 
liver gave identical results. The ‘arbitrary unit’ 
shown in Figs. 1 and 2 corresponded to the libera- 
tion of about 30yg. of p-nitrophenol, or 5% 
hydrolysis of the substrate under the standard 





conditions of assay. This was the degree of hydro- 


Hydrolysis (%) 


lysis aimed at elsewhere in this work. 

Variation in activity with pH. Fig. 3 shows the 
pH optima for fractionated rat-epididymis and ox- 
liver preparations in the standard phosphate— 
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citrate buffer. Similar curves were obtained in each 
case when crude homogenates were used, or when 
the 1 ml. of phosphate-citrate buffer was replaced 
by Iml. of 0-2mM-Na,HPO,-HCl, 0-2m-H,PO, 

NaOH, 0-IM-citric acid-—NaOH or 0-2M-acetic 
acid—NaOH buffer. The activity at the optimum 
varied by as much as 15% in different buffers, 
being highest in the mixture of phosphate and 
citrate, and lowest in acetate. Although the peak 
for ox liver was at a slightly lower pH than for rat 


epididymis, the same buffer, pH 6-1, was used for 


other work with both tissues. 2-Amino-2-hydroxy- 
methylpropane-1:3-diol (tris) buffer interfered 
badly, as shown in Fig. 3. 

Variation in stability with pH. Fig. 4 shows the 
loss in «-L-fucosidase activity of fractionated rat- 
epididymis and ox-liver preparations at varying 
pH. Specimens were adjusted to the required 
pH at 0° with NaOH or HCl, incubated for 1 hr. 
at 37°, cooled to 0° and brought back to the original 
pH (5-2). The activities were measured in the usual 
way at pH 6-1 and compared with that of an un- 
treated control that had been kept at 0°. Within 
experimental error, the results for the rat and ox 
preparations were indistinguishable, and _ the 
limits of pH-stability were 4-5 and 6. It would 
appear that the activity at the subsidiary peak in 
the pH-activity curves (Fig. 3) at pH 3-4 was 
limited by the instability of the enzyme in this 
region. 

Effects of varying the substrate concentration. 
These experiments were limited on the one hand by 
the insolubility of p-nitrophenyl «-L-fucoside, and 
on the other hand by the need to keep below 10% 
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Fig. 4. Effect of incubation at varying pH for 1 hr. at 
37° on the «-t-fucosidase activity at pH 6-1 of: rat- 
epididymis (©) and ox-liver ( x ) preparations. 
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hydrolysis, while still obtaining measurable activi- 
ties. Provided the latter condition was fulfilled, 
linear plots were obtained when K,,,, the Michaelis 
constant, was calculated by the method of Line- 
weaver & Burk (1934). The mean values obtained 
were 0-21 mm for rat epididymis and 0-22 mm for 
ox liver. Fractionated enzyme preparations were 
used. As illustrated in Fig. 5, the limiting velocity 
was never attained, and a substrate concentration 
of 1 mm was selected for routine purposes. 

Inhibitor trials. Hydrolysis of 1 mM-p-nitro- 
phenyl «-L-fucoside under the usual conditions by 
rat-epididymis, ox-liver and limpet preparations 
was unaffected by 1 mM-.L-galactono-1 -> 4-lactone 
(supplied by Dr W. W. Reid) and by 1 mm-t- 
fucono-1:4-lactone. There is some evidence for the 
possibility that in the galactose series the inhibitory 
power of a lactone may be increased on changing 
from the 1—>4- to the less stable 1 — 5-ring 
structure (Findlay et al. 1958). The ring in L-fucono- 
and t-galactono-1 > 4-lactone was opened by 
titration with alkali, and the solutions were 
brought back to pH 3 or 6. Such solutions were 
still non-inhibitory, even after short periods of 
heating. 


DISCUSSION 


By analogy with the action of B-glucuronidase and 
B-N-acetylglucosaminidase on hyaluronic acid 
(Linker, Meyer & Weissmann, 1955), one might 
expect «-L-fucosidase to act on natural polymers 
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Fig. 5. Effect of varying the substrate concentration on 
the rate of hydrolysis of p-nitrophenyl «-L-fucoside in 
phosphate—citrate buffer, pH 6-1, by rat-epididymis (O) 
and ox-liver (x ) preparations. 
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only after they have been degraded by a polysac- 
charase. An interesting situation, however, arises 
with the blood-group substances, from which tL- 
fucose is liberated by 7’. foetus extracts (Watkins, 
1959). These extracts do not hydrolyse methyl «- 
and f-L-fucopyranoside, nor do they liberate the 
a-L-fucopyranosyl residue from reducing fucose 
disaccharides from fucoidin. On the 
other hand, human-milk oligosaccharides, e.g. 
a-L-fucosidolactose, in which the «-L-fucopyran- 


osyl group is linked to glucose, galactose or N- 


prepared 


acetylglucosamine, were completely broken down 
by the 7’. foetus extracts. Our own failure to ob- 
serve any action of such an extract on p-nitrophenyl] 
a-L-fucoside is in agreement with the lack of action 
on the methyl glycoside. 

Professor W. T. J. Morgan (personal communica- 
tion) has found that the mammalian «-L-fucosidase 
preparation failed to destroy the serological pro- 
perties of, or liberate fucose from, the blood-group 
A, B and H specific mucopolysaccharides, whereas 
it rapidly liberated fucose from oligosaccharides 
such as «-L-fucosidolactose. 

In its widespread distribution in mammalian 
tissues, «-L-fucosidase resembles the other mam- 
malian glycosidases we have studied (see introduc- 
tion). Whatever their actions may be, the high 
activity of these enzymes in epididymis argues for 
some role in insemination. Those glycosidases pre- 
viously studied have been shown to be free in 
seminal plasma (Conchie & Mann, 1957), in which 
case their activities should be governed by the 
respective pH optima observed in vitro. In other 
words, a variety of effects may be produced by the 
mixture, depending upon the ambient pH. The pH 
optimum of «-L-fucosidase is closer to neutrality 
than that of any of the other enzymes in question. 

It seems possible that the activities of these 
enzymes in semen may alter in pathological condi- 
tions of the male genital tract. Unlike the other 
members of the group, however, «-L-fucosidase did 
not have a high activity in cancer tissue, although 
to judge by the effects of castration the activity was 
under endocrine control. 

The failure to observe 
sidase by u-fuconolactone merely adds to the 
number of «-glycosidases which, in contrast with 
the f-glycosidases, are at most only feebly in- 
hibited by the appropriate aldonolactones. In our 
experience, only «-mannosidase and «-glucosidase 
approach the f-glycosidases in their susceptibility 
to inhibition by the lactones (Conchie & Levvy, 
19576). This is not a simple question of sugar con- 
figuration since «-glucuronidase is not inhibited by 
> 4-lactone (Marsh & Levvy, 1958). 


inhibition of «-L-fuco- 


saccharo- 1 
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SUMMARY 


1. The «-L-fucosidase activity of mammalian 
tissues has been studied, with p-nitrophenyl] «-L- 
fucoside as substrate. All species and tissues 
examined displayed appreciable ‘ The 
highest activity was seen in rat epididymis, but 
this was exceeded by the figure for the limpet, 
Patella vulgata. 

2. The values for epididymis and uterus were 
drastically decreased by orchidectomy and ovari- 
ectomy respectively. 

3. Properties of the enzyme from rat epididymis 
and ox liver were examined. The enzyme prepara- 


activity. 


tions were indistinguishable, except in the figures 
for the pH optima, which were 5-6 for ox liver and 
6-1 for rat epididymis. 


The authors are greatly indebted to Robert Lawson and 
Sons (Dyce) Ltd. for the supply of material from cattle and 
pigs. 
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The Preparation and Properties of Crystalline 
Alcohol Dehydrogenase from Liver 
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Kinetic studies of alcohol dehydrogenase pre- 
pared from horse liver by different methods have 
given different results (Theorell, Nygaard & 
Bonnichsen, 1955; Dalziel, 1958; Theorell, 1958; 
K. Dalziel, unpublished work, 1957). The most 
active crystalline preparations have been ob- 
tained by a modification of earlier methods 
(Bonnichsen, 1950; Bonnichsen & Brink, 1955) in 
which the principal new feature was chromato- 
graphy of the crude enzyme preparations on 
carboxymethylcellulose before crystallization (Dal- 
ziel, 1958). Such products were homogeneous in 
the ultracentrifuge (Ehrenberg & Dalziel, 1958), 
but electrophoresis indicated the presence of small 
proportions of a second active component, and it 
was suggested that this may be formed from the 
major component during agitation of the liver 
extract with ethanol and chloroform to denature 
haemoglobin (Tsuchihashi, 1923; Bonnichsen, 
1950). It has now been found that this step can be 
omitted, and haemoglobin removed instead by 
modification of the ammonium sulphate fraction- 
ation and chromatography. Some properties of the 
crystalline product are described, and kinetic data 
are briefly considered with reference to earlier 
work. 


EXPERIMENTAL 


Reagent solutions and phosphate buffers, J 0-1, were 
made up in glass-distilled water. 

Coenzymes and substrates. Ethanol and acetaldehyde 
were redistilled, and the latter was stored at -15°. 
Diphosphopyridine nucleotide (DPN) and the disodium 
salt of the reduced form (DPNH,) were from Sigma 
Chemical Co. and were assayed by measurement of the 
change in light-absorption at 340mp accompanying 
complete enzymic reduction or oxidation with alcohol 
dehydrogenase and excess of substrate, taking the millimolar 
extinction coefficient of DPNH as 6-22 (Horecker & 
Kornberg, 1948). The several samples used assayed as 
84-88 % DPN and 68-83% DPNH,(Na,) by weight. 

Assay method. Enzyme concentrations were estimated 
as described by Dalziel (1957a) by measurement of the time 
taken for the formation of a given amount of DPNH, from 
alcohol and DPN at pH 10 and 23-5°. The measurements 
were made either spectrophotometrically or fluorimetric- 
ally. In the spectrophotometric method the enzyme con- 
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centration in mg./ml. is equal to 1-13 tv, where v is ml. of 


enzyme solution used and ¢ is time (sec.) required for an 
increase of extinction at 340 mp of 0-200. The specific 
extinction coefficient (1 mg./ml., 1 em. path) of apparently 
pure enzyme, prepared by the previous method, from 
which the minor component had been removed by chro- 
matography, was 0-42 at 280 my (Dalziel, 1958). The purity 
of fractions in the present preparations is calculated from 
the enzyme concentration, determined by assay, and the 
extinction at 280 mp, H..5, by the empirical expression 
0-42 x mg./ml./Egg9. 

Initial-rate measurements. These were made with a 
recording fluorimeter, based on that of Theorell & Nygaard 
(1954). Initial-rate measurements were made essentially as 
described by Theorell e¢ al. (1955), and maximum rates 
were estimated by double reciprocal plots (ef. Dalziel, 
19575). 

A Perspex cylinder served as a fluorescent standard, and 
for enzyme assays the instrument was periodically cali- 
brated with enzyme solutions assayed by the spectrophoto- 
metric method. For initial-rate measurements, calibration 
of the standard directly against DPNH, solutions of known 
concentration is not satisfactory because the coenzyme 
samples always contain a fluorescent compound that is not 
coenzymically active with liver (and yeast) alcohol de- 
hydrogenase. After rapid oxidation of DPNH, by excess of 
acetaldehyde and alcohol dehydrogenase at pH 7, signifi- 
cant absorption at 340 mp and also fluorescence emission 
remain, both amounting to about 7% of the initial values. 
The method used was to compare the fluorescence of the 
standard, F,, with the fluorescence changes, F7, accom- 
panying complete enzymic reduction of DPN at pH 10 and 
complete enzymic oxidation of DPNH, at pH 7, by using 
solutions of coenzymes that had been assayed spectro- 
photometrically as described above. The results of the two 
types of measurement agreed, but the plot of the relative 
fluorescence, Fp (= F7/Fs), against concentration, c, is not 
linear because of light-absorption by the DPNH, (Fig. 1). 
The effect of this small curvature on the calculation of 
initial rates of DPNH, oxidation is greater than might be 
supposed at first sight, since the quantity required to 
convert the measured rate of change of fluorescence 
intensity, dF',/dt, into rate of change of DPNH, concen- 
tration, dc/dt, is the reciprocal of the slope of the tangent to 
the curve of Fig. 1, dF ,/dc, at the appropriate initial 
DPNH, concentration. This quantity is best obtained by 
an alternative linear plot derived from an empirical equa- 
tion to the curve of Fig. 1: 


Fp = Ac-—Be* (1) 
hence dF,/dc = A -2Bc (2) 
and F,/c = A-Be. (3) 
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Fig. 1. Calibration curve for the fluorimeter. Relation 
between the fluorescence of DPNH, solutions divided by 
the fluorescence of the standard and the DPNH, concen- 
tration. The DPNH, fluorescence was measured as the 
change of fluorescence intensity accompanying complete 
enzymic oxidation of DPNH, (@) and complete enzymic 
reduction of DPN (CO). The fitted line was calculated from 
equation (1) and the constants were obtained from Fig. 2. 
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Fig. 2. Relation between the specific fluorescence of 
DPNH, divided by the fluorescence of the standard (F'z/c) 
and the DPNH, concentration, determined by complete 
enzymic oxidation of DPNH, (@) and complete enzymic 
reduction of DPN (0). The intercept and slope give values 
for the constants in equation (2) from which the calibration 
factor is calculated (see text). 





In accordance with equation (3), the plot of F'p/c against c is 
linear (Fig. 2) and the constants A = 0-286 and B = 0-0015 
are obtained as the intercept and slope. The required 
calibration factor, dc/dF'z, is then obtained from equation 
(2), and is in fact the DPNH, equivalent of the standard for 
any initial DPNH, concentration. The values are 3-5 uM 
when the initial DPNH, concentration is zero, i.e. for 
measurements of the initial rate of alcohol oxidation, and 
4-4 um for initial-rate measurements of aldehyde reduction 
with an initial DPNH, concentration of 20 um. 
Purification of enzyme. Ground fresh horse liver (2 kg.) is 
extracted with 4 1. of water for 2 hr. at room temperature or 
overnight at 2°. By (NH,),SO, fractionation at pH 6-5 and 
2°, 80% of the enzyme is precipitated between 0-5 and 
0-67 saturation, and much haemoglobin is left in the final 
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supernatant. To the extract, after centrifuging, (NH,).SO, 
(300 g./l.) is added, and after 2 hr. the precipitate, con- 
taining catalase and ferritin, is removed in the Servall 
centrifuge (G.S.A. head, 8000 rev./min., 1 hr.). To the clear 
red supernatant solution, (NH,),SO, (110 g./l.) is added 
and after 2hr. the pale-red precipitate’ containing the 
enzyme is separated in the centrifuge as before. 

The precipitate is taken up in the minimum volume of 
cold 0-05m-sodium phosphate buffer, pH 7, to give a thick 
gel, and more buffer is added gradually with shaking in the 
cold until a heavy crystalline precipitate (haemoglobin, 
? aldolase) is formed. The suspension (about 200 ml.) is 
centrifuged (SS1 head, 14 000 rev./min., 60 min.) and the 
precipitate discarded. Further dilution and centrifuging 
may be necessary to obtain a clear red solution. 

The solution is heated at 52° for 15 min., cooled and 
centrifuged. The heavy precipitate of denatured protein is 
washed with buffer, and the combined supernatant solution 
and washings are dialysed against 0-05 M-phosphate buffer, 
pH 7 (3 x21.), and then against 0-04M-phosphate buffer, 
pH 6-0 (2 x 21.). 

Chromatography is carried out at 2° on carboxymethyl- 
cellulose, prepared according to Peterson & Sober (1956) 
except that washing and drying with ethanol are omitted. 
The adsorbent was equilibrated with 0-04M-phosphate 
buffer, pH 6-0, and packed by gravity in a column 
(3 em. x 50 cm.), which gives a flow rate of 50 ml./hr. The 
dialysed enzyme solution (about 350 ml.) is run in, and the 
column washed with buffer until the runnings, initially 
yellow-brown, are colourless, and the specific extinction at 
280 is <0-2. Haemoglobin and alcohol dehydrogenase 
are firmly adsorbed. Development and elution are effected 
with phosphate buffer, pH 6-6, J 0-1. As the haemoglobin 
front spreads down the column, a yellow band forms in 
front of it. The first yellow eluate, about 10 ml. containing 
enzyme of low purity, is discarded. In the subsequent 
orange and pale-red fractions, 75% of the enzyme, purity 
0-4, is obtained in about 150 ml. 

The enzyme is crystallized by the addition of 90% 
ethanol to give a final concentration of 15% (v/v) with 
chilling to — 7°, and left at this temperature for 48 hr. The 
pale-yellow enzyme precipitate is separated in the centri- 
fuge, washed twice with 15% ethanol in 0-05m-phosphate 
buffer, pH 7, and dissolved in the minimum volume of this 
buffer to which NH, has been added to raise the pH to 
about 9-5. The enzyme is then twice recrystallized by 
dialysis against phosphate buffer containing 6 % of ethanol, 
as described by Dalziel (1958). 

Dry-weight determinations. These were made by heating 
solutions of the recrystallized enzyme at 110° and cooling 
in a vacuum over P,O, to constant weight. 

Thiol groups. These were estimated by spectrophoto- 
metric titration of the enzyme with p-chloromercuriben- 
zoate (Boyer, 1954). 


RESULTS 


A typical schedule for the enzyme purification is 
given in Table 1, and the elution from carboxy- 
methylcellulose is summarized in Table 2. Much 
haemoglobin is removed in the ammonium sulphate 
fractionation, and most of the remainder is 
retained by the carboxymethylcellulose. The large 
purification in the chromatography step is mainly 
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Table 1. 








196] 


Purification of horse-liver alcohol dehydrogenase 


Enzyme 


Total 


Volume Yield 
Step (ml.) (mg./ml.) (g.) (%) Purity 
Extract 3700 2-00 100 
Ammonium sulphate 285 56 78 
Heat, dialysis 380 1-33 66 0-04 
Chromatography 182 1-00 50 0-40 
Cryst., 15% ethanol 29 27-6 0-80 40 0-70 
Lecryst., 6% ethanol 16-5 37:5 0-62 31 0-98 
Recryst., 6% ethanol 16-2 33-4 0-54 27 1-02 





Table 2. Elution of alcohol dehydrogenase from 


carboxymethylcellulose 


Enzyme 


Total 


Volume 
(ml.) Colour (mg./ml.) (mg.) Purity 
10 Yellow 4-0 40 0-20 
21 Pink 15-0 315 0-42 
100 Red 5:3 530 0-46 
40 Red 2-5 100 0-35 
20 ted 2-0 40 0-30 


due to the removal of foreign protein, including the 
whole of the aldehyde dehydrogenase, in the 
washings at pH 6. 

The recrystallized enzyme behaved similarly to 
the product of the earlier method on electrophoresis 
in the Tiselius apparatus (Dalziel, 1958, Fig. 1). In 
phosphate buffer, J 0-1, there was evidence of a 
few per cent of a second component moving in 
advance of the main component at pH 7-6 and 
pH 7-9, and behind it at pH 6-0, although it did not 
separate as a distinct separate peak even after 20 hr. 

The extinction at 280 my of a solution of the 
recrystallized protein containing 1mg./ml. in 
1 em. depth was 0-42 + 0-01, an average of measure- 
ments on four preparations. 

To 3ml. samples of enzyme sclution in phos- 
phate buffer, pH 7, containing 0-5—9-6 umoles of 
enzyme/]., O-lml. of 
solution was added to give a final concentration of 


p-chloromercuribenzoate 


62 pmoles/l. The extinction of the mixture at 
250 mp was measured after 3 and 60 min., and the 
increase due to mercaptide formation calculated. 
The results indicated 24 thiol groups reacting in 
3 min. and 28 reacting in 60 min. (Fig. 3). 
was in fact practically complete in about 15 min. 


Reaction 


The increase of extinction with excess of enzyme 
between 3 and 60 min. is probably due to slight 
turbidity, which becomes marked after 2 or 3 hr. 
with high enzyme concentrations, whereas the 
solutions of low concentration remain clear. 

The activity of the enzyme after treatment with 
various amounts of p-chloromercuribenzoate at 
room temperature and pH 7 for 15 min. was.tested 


by measurements of the initial rate of ethanol oxid- 


50 


AE, 





0 0-02 0-04 0-06 0.08 
Enzyme (mole/mole of pemb) 


Fig. 3. Spectrophotometric titration of liver alcohol de- 
hydrogenase with p-chloromercuribenzoate (pemb). The 
extinction change at 250 my was measured after 3 min. 
(@) and 60 min. (0). 





ation at pH 10 with high ethanol (8 mm) and DPN 
(0-42 mm) concentrations. The enzyme solutions 
contained 10 »moles/l. and 5 ul. volumes were used 
in 3 ml. of reaction mixture for the rate measure- 
ments. Combination of 34, 67 and 100% of the 
titratable thiol groups caused 64, 93 and 100% 
inhibition respectively. 

The 0-05 M- 
phosphate buffer solution, pH 7, provided the 
solutions are not too dilute. 


enzyme is reasonably stable in 
At concentrations of 
10 uM or more there is no loss of activity after 
several days at 2°, whereas 1 .M-solutions lose 5% 
of activity in 24hr. At room temperature, the 
more dilute solution loses 5% of activity in 4 hr. 
At pH 6 the enzyme is a little more unstable, and 
loses 10% of activity in 4 hr. at room tempera- 
ture in 1 yM-solution. Similar results were obtained 
for crystalline enzyme prepared 
Bonnichsen & Brink (1955). 
Maximum rates 
active centre) at 23-5° with enzyme purified by the 
present method were, at pH 7-15 and pH 6-0 
respectively, 2-75 sec.-1 and 1-6 sec.—! for ethanol 


according to 


(molecules of substrate/sec. 


oxidation and 100 sec.—! and 90 sec.—! for acetalde- 


ob 
ce 
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co 
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hyde reduction. These constants are based on an 
equivalent weight of 42 000 for the enzyme, which 
binds two molecules of coenzyme/molecule and has 
a molecular weight of 84.000 (‘Theorell & Bonnichsen, 
1951; Ehrenberg & Dalziel, 1958). The data were 
obtained from secondary plots (Fig. 4) of the inter- 
cepts of primary plots according to Lineweaver & 
Burk (1934) of initial-rate measurements with 
simultaneously varied coenzyme and _ substrate 
concentrations, which give as intercepts $y and $4, 
the reciprocals of the maximum rates with in- 
finitely large coenzyme and substrate concentra- 
tions (cf. Dalziel, 19576). 

The rates of ethanol quite 
reproducible, but significantly different rates of 
aldehyde reduction were obtained with different 
samples of DPNH,, especially at pH 6-0. The 
stated values are the largest and were obtained 
with the purest sample of DPNH,. Other samples 
gave maximum rates up to 40 % smaller at pH 6-0. 


oxidation were 
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At pH 10, however, and also with yeast alcohol 
dehydrogenase at pH 6, all the DPNH, samples 
gave the same rates. 


DISCUSSION 


The omission of ethanol—chloroform treatment 
and subsequent distillation of the preparation under 
reduced pressure, introduced by 
(1950), results in a shorter, milder and more con- 
venient isolation procedure for liver alcohol de- 


Bonnichsen 


hydrogenase with the same high yield as the pre- 
vious method (Dalziel, 1958). Carboxymethyl- 
cellulose has a large binding capacity for haemo- 
globin in slightly acid solutions (Peterson & Sober, 
1956), and may be useful in other preparations also 
as a mild alternative to the Tsuchihashi denatura- 
tion procedure for the removal of haemoglobin. 
The fact that aldehyde dehydrogenase is not 


adsorbed by carboxymethyleellulose is proving 
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useful in the purification of this enzyme, since 
haemoglobin and alcohol dehydrogenase, which 
interferes with the spectrophotometric assay of 
aldehyde dehydrogenase (Racker, 1955), can be 
completely removed from crude liver extract by 
bulk adsorption. 

The recrystallized enzyme appears to be identical 
with that obtained by the earlier procedure 
(Dalziel, 1958). The specific activities in ethanol 
oxidation at pH 10 (cf. Table 1) and pH 7-15 
(Table 3) and the specific extinction at 280 my are 
the same, as is the electrophoretic behaviour at 
pH values above and below the isoelectric point. 
Thus the suggestion that the minor component is 
formed during the Tsuchihashi treatment is not 
substantiated. Dalziel (1958) found that kinetic 
data obtained with the recrystallized enzyme and 
with electrophoretically homogeneous material 
obtained by a second chromatography on carboxy- 
methylcellulose were identical. 

The presence in the molecule of 28 thiol groups 
reactive towards p-chloromercuribenzoate also 
agrees with earlier results (H. Theorell & J. 8. M. 
McKee, personal communication) for both the 
Dalziel (1958) and Bonnichsen (1950) preparations. 
Inhibition by the mercurial also agrees quanti- 
tatively with results given by Witter (1960). 

There was no significant difference in stability at 
pH7 and 6 between the present product and a 
sample prepared according to Bonnichsen & Brink 
(1955). The observed activity losses were certainly 
no greater than those indicated by Theorell & 
Winer (1959) for a Bonnichsen & Brink prepara- 
tion, and no explanation can be offered for the 
instability of enzyme prepared by the method of 
Dalziel (1958) at pH 6 reported by these workers. 

Maximum-rate data reported for the various 
enzyme preparations are compared in Table 3. The 
two latest sets of data agree within experimental 
error. The maximum rate of ethanol oxidation at 
pH 7-15 is in each case an average of values from 
experiments with different enzyme and coenzyme 
samples which agreed to within + 5%. The data for 
pH 6-0 are from single experiments, and the error 


of initial-rate measurements for ethanol oxidation 


in the earlier work was relatively large because of 


interference from the reverse reaction. 

The values given by Theorell et al. (1955) are all 
much smaller than the later ones. For ethanol 
oxidation a similar pH effect is indicated, and it 
might be assumed that the discrepancies simply 
represent a low specific activity of the enzyme pre- 
paration. The fact that Bonnichsen & Brink 
(1955) reported a higher specific activity for their 
preparation than that given by Bonnichsen (1950) 
supports this view. But the data for aldehyde 
reduction show relatively much bigger discrep- 
ancies. The assumption of a linear calibration curve 
for the fluorimeter up to 20 uu-DPNH, (Theorell 
et al. 1955) would give maximum rates perhaps 
10 % too low (ef. Fig. 1), but the greater part of the 
discrepancies remain to be explained, especially at 
pH 6-0. Whereas the maximum rate at pH 6-0 is 
only half that at pH 7-15 according to Theorell 
et al., the later data show no significant pH effect. 

It has been suggested that the major discrepan- 
cies are due to an inhibitor in the enzyme prepared 
by Bonnichsen’s method, which is removed in the 
chromatography step and is most active in acid 
solution (Theorell, 1958; Theorell & Winer, 1959). 
Alternatively an inhibitor may have been present 
in the coenzyme preparations used earlier (Dalziel, 
1958). The latter explanation is supported by the 
present findings that significantly different rates of 
aldehyde reduction are obtained with different 
DPNH, samples in neutral and acid solutions, but 
not in alkaline solution. The inhibitor has not yet 
been identified, but Dalziel (1961) found that 
adenosine diphosphate ribose exhibits qualitatively 
similar inhibitory properties. Because of these 
findings, kinetic constants other than maximum 
rates, which can be calculated from the data of 
Fig. 4, have not been considered. Coenzyme pre- 
parations free from inhibitors must be obtained 
before reliable conclusions about mechanism can 
be drawn from kinetic constants for the forward 
and reverse reaction and overall equilibrium con- 
stants (Alberty, 1953; Dalziel, 19575). 


Table 3. Maximum rates for liver alcohol dehydrogenase at 23-5° 
(molecules of substrate/sec./active centre) 


Reference Enzyme preparation 


Bonnichsen (1950) 


Theorell, Nygaard & Bonnichsen 
(1955)* 

Dalziel (1958 ;* unpublished 
work, 1957) 

This paper 


Dalziel (1958) 


This paper 


* Original data, based on equivalent weight 36 500, corrected for later value of 44 000. 


Maximum rate (sec.—*) 


r — 


Ethanol oxidation 


A 


Acetaldehyde reduction 


pH 6-0 pH 7-15 pH 6-0 pH 7-15 
0-75 1-8 20 43 
2-1 2-9 80 106 
1-6 2-75 90 100 
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SUMMARY 


1. A method for the preparation of crystalline 
alcohol dehydrogenase from horse liver is described, 
which is simpler and milder than previous methods. 

2. The product appears to be identical with that 
of the previous method, as judged by specific 
extinction at 280 my, specific activity and thiol 
group content, and is no more unstable than other 
preparations. 

3. Maximum-rate data are reported and dis- 
cussed. Discrepancies with the results of previous 
workers are attributed partly to the low specific 
activity of earlier preparations of the enzyme, and 
partly to the presence of an inhibitor in prepara- 
tions of reduced diphosphopyridine nucleotide. 

Electrophoresis experiments were made in the Depart- 
ment of Biochemistry, Oxford, and I am grateful to Dr 


A. G. Ogston, F.R.S., and Dr R. Cecil for their hospitality. 
I am also indebted to Mrs B. Sutton for technical assistance. 
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Formation of Chromenols on Alumina from Quinones 
having an Isoprenoid Side Chain 


By F. W. HEMMING, R. A. MORTON anv J. F. PENNOCK* 
Department of Biochemistry, The University of Liverpool 


(Received 3 February 1961) 


The extraction of ubichromenol from human- 
kidney unsaponifiable lipids and the elucidation of 
its structure have been described (Laidman, 
Morton, Paterson & Pennock, 1959, 1960). Ubi- 
chromenol from this tissue was shown to be a 
cyclic isomeride of ubiquinone (50). Links (1960) 
has suggested that ubichromenol is not a natural 
product but is an artifact of isolation formed by the 
action of alumina on ubiquinone. Links was able to 
make ubichromenol by adsorption of ubiquinone on 
alumina and elution with acetone—hydrochloric 
acid after 24 hr. The process has been repeated by 
Green, Edwin, Diplock & McHale (1960) and by 
Shunk et al. (1960). The last-named were able to 
show that the ubichromenol could be eluted with 
methanol—ether, that is, without using an acidified 


* Cancer Research Fellow, University of Liverpool. 





eluent. We have also repeated Links’s procedure on 
different ubiquinones and have also shown a con- 
version on acid-washed Brockmann Grade 2 
alumina with the formation of a much cleaner 
product. Solanachromene (Rowland, 1958) has 
been produced by adsorption of koflerquinone 
(Kofler et al. 1959) on acid-washed alumina 
weakened with water. Vitamin K, has been sub- 
jected to a similar process. 


EXPERIMENTAL 


Materials. Ubiquinone samples and koflerquinone were 
kindly donated by Hoffmann-La Roche and Co. Ltd., 
Basle (through Drs O. Isler and U. Gloor). Vitamin K, was 
purchased from Roche Products Ltd., Welwyn Garden 
City, Herts. Alumina (Grade O) was purchased from P. 
Spence and Sons Ltd., Widnes, Lancs, magnesium oxide 
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(for chromatographic adsorption analysis) from British 
Drug Houses Ltd. and silicic acid (100-mesh, analytical 
reagent) from Mallinckrodt Chemical Works (New York, 
U.S.A.). 

Chromatography. Separation of ubiginone and ubichro- 
menol was carried out by chromatography on acid-washed 
Brockmann Grade 2 alumina. Grade O alumina was 
treated with N-HCl and washed with water to remove most 
of the chloride. The alumina was dried by heating to 115 
overnight. The alumina was then partially deactivated with 
2% of water to Brockmann Grade 2. The ubiquinone was 
eluted with 7% and 8% ether in light petroleum (b.p. 40 
60°), and ubichromenol was eluted with 10-15% ether in 
light petroleum. Light petroleum (b.p. 40-60°) was dried 
over sodium and redistilled; diethyl ether was dried over 
sodium and redistilled over reduced iron before use. 

Spectrophotometry. Ultraviolet-absorption spectra were 
measured with a Unicam SP. 500 photoelectric spectro- 
photometer. By ultraviolet absorption it was possible to 
estimate as little as 60yg. of ubiquinone and 110yg. of 
ubichromenol. Infrared-absorption spectra were measured 
with solvent-free films in a Perkin-Elmer Infracord spectro- 
photometer (model 137). 

Conversion on Grade O alumina. The Links’s procedure was 
repeated on ubiquinones (50), (45) and (30). The details for 
ubiquinone (30) are given below. 300 mg. of ubiquinone 
(30) was put on a column of 30 g. of Grade O alumina as 
purchased. As observed by Links, the colour of the ad- 
sorbed ubiquinone turned from yellow to brown. After 
24 hr. in the dark, the column was washed with acetone 
10% HCl (9:1, v/v). The solution was then diluted with 
water and extracted with ether. The red-orange extract 
was chromatographed on an acid-washed Brockmann 
Grade 2 alumina (100 g.) column. A small amount of 
ubiquinone was eluted with 7% ether in light petroleum, 
and 10% ether in light petroleum eluted a deep-red oil 
which showed an ultraviolet-absorption spectrum similar 
to that of ubichromenol. Further products were eluted 
with 20% ether in light petroleum, and with ether. Both 
fractions showed ultraviolet spectra which had resemb- 
lances to that of ubichromenol but the infrared-absorption 
spectra were clearly different. 

Conversion on acid-washed alumina weakened with water. 
It was found that by leaving ubiquinone in contact with 
acid-washed Brockmann Grade 2 alumina, ubichromenol 
could be formed. The ubiquinone was adsorbed either on a 
column of alumina or on a similar weight of alumina in an 
Erlenmeyer flask. After a known time the products were 
then extracted from the alumina with ether and the extract 
was chromatographed on Brockmann Grade 2 alumina to 
separate the unchanged ubiquinone from the ubichromenol 
which had been produced. 

Conversion on other adsorbents. The conversion of ubi- 
quinone into ubichromenol was studied in a manner similar 
to that described above on Grade O alumina partially de- 
activated with water, and also on acid-washed Grade O 
alumina. 


Action of alumina on vitamin K, and koflerquinone. The 
formation of chromenols from vitamin K, and kofler- 
quinone was studied on acid-washed alumina deactivated 
with water. Vitamin K, was left on acid-washed Brockmann 
Grade 3 alumina overnight and koflerquinone was Jeft on 
acid-washed alumina (partially deactivated with 10% of 
water) for 24 hr. 


PENNOCK 1961 
RESULTS 
The results obtained when untreated Grade 0 


alumina was used are given in Table 1. 
Links (1960) found that if he used acid-washed 


alumina, or alumina with water added, the rate of 


conversion of ubiquinone into ubichromenol was 
decreased. Earlier work in this laboratory (Hem- 
ming, 1958) showed that 2mg. of ubiquinone 
(estimated spectrophotometrically) could be chro- 
matographed on 10 g. of acid-washed Brockmann 
Grade 3 alumina and recovered quantitatively. In 
view of Links’s resu]ts it was decided to repeat this 
experiment on a larger scale so that if a very small 
conversion into ubichromenol occurred it could be 
detected. 

Ubiquinone (50) (25 mg.) was chromatographed 
on 30g. of acid-washed Brockmann Grade 2 
alumina. Elution of the ubiquinone fraction was 
complete lhr. after the commencement of the 
chromatography. Spectrophotometric examination 
of the various fractions indicated that there was 
full recovery of ubiquinone, and no measurable 
amount of ubichromenol was produced. The experi- 


ment was repeated several times, the period of 


contact with the alumina being varied. The results 
are shown in Table 2. 

The ubichromenol produced on acid-washed 
Brockmann Grade 2 alumina was pale yellow and 
appeared to be the only major selectively absorbing 
product eluted. Further work was carried out on 





Table 1. Production of ubichromenol on 
untreated Grade O alumina 


The ubiquinone was left on 30 g. of untreated Grade O 
alumina for 24 hr. 
Ubiquinone 
recovered as 


Amount Ubiquinone 


used recovered* ubichromenol* 
Material (mg.) (%) %) 
Ubiquinone (50) 500 10-5 21:3 
Ubiquinone (45) 300 71 20-1 
Ubiquinone (30) 300 3-2 24-1 


* Spectrophotometric assay on chromatographic frac- 
tion. 


eee 


Table 2. Production of ubichromenol on acid-washed 
Brockmann Grade 2 alumina as influenced by time 


Alumina columns (30 g.) were used in each case. 


Ubiquinone 


Time on Ubiquinone Ubiquinone recovered as 
column (50) used recovered ubichromenol 
(hr.) (mg.) (%) (%) 
3-1 100 
2-2} 97-6 
17 56-6 
144 33-0 
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similarly standardized alumina but the adsorption 
was effected in conical flasks rather than in chro- 
matography columns. This allowed all the alumina 
to be used in the initial adsorption of the ubiqui- 
none (Table 3). 

When ubiquinone was left on acid-washed Grade 
O alumina little ubichromenol was formed and no 
ubiquinone was recovered. Non-acid-washed alu- 
mina, partially deactivated with water, gave lower 
yields of ubichromenol than did acid-washed 
Brockmann Grade 2 alumina. The recoveries of 
ubiquinone were also lower. Ubiquinone left in 
contact with MgO was completely destroyed after 
24 hr. and no ubichromenol was produced. How- 
ever, there was no conversion or destruction of 
ubiquinone even after 4 days’ contact with silicic 
acid. 

Samples of ubichromenols (50), (45) and (30) 
were made by adsorbing the corresponding ubi- 
quinone on acid-washed Brockmann Grade 2 
alumina in an Erlenmeyer flask. After 2} days the 
alumina was extracted with ether and ubichro- 
menol was separated from residual ubiquinone by 
chromatography on alumina. The ubichromenols 
were purified by further chromatography and a 
sample of the acetate was prepared (Laidman et al. 
1960) in each case. The ultraviolet-absorption 
spectra of the three ubichromenols and their 
acetates were qualitatively identical with those of 
‘natural’ ubichromenol and its acetate respectively. 
The molecular extinction coefficients (ce) of ubi- 
chromenols were within 5% of each other (see 
Table 4). The infrared-absorption spectra of the 


Table 3. 


Formation of ubichromenol on acid-washed 
Brockmann Grade 2 alumina 


Ubiquinone (50) adsorbed from light petroleum on 20 g. 
of alumina in an Erlenmeyer flask. 
Ubiquinone 


Time on Ubiquinone Ubiquinone __ recovered as 
alumina used recovered ubichromenol 
(days) (mg.) (%) (% 
] 17-9 88-7 9-2 
2 17-9 78-5 14-2 
3 17-4 52+] 21-1 
5 18-2 31-0 25-5 





Table 4. Ultraviolet absorption of synthetic 
ubichromenol and its acetate 


Values given are mean values for chromatographically 
pure samples of ubichromenol (50), (45) and (30). 


Ubichromenol Ubichromeny] acetate 


\ 


Neves: (mp) € Arnnx: (mp) €E 
233 17 450 231 20 830 
275 7 720 276 8 340 
283 7310 285 7 680 
332 3 230 316 2 630 
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three synthetic ubichromenols were qualitatively 
identical with that of ubichromenol from human 
kidney (Laidman e¢ al. 1960). 

Formation of solanachromene. Koflerquinone 
(21-7 mg.) was put on a column of 20g. of acid- 
washed Brockmann Grade 2 alumina and left for 
24hr. After this time the contents of the column 
were washed with 2, 4, 6, 8, 10 and 20% ether in 
light petroleum and finally ether. The 2% ether in 
light petroleum fraction, which would normally 
contain the koflerquinone, showed little of spectro- 
photometric interest. The 10% ether in light 
petroleum fraction contained a substance which 
exhibited peaks in the ultraviolet region at 233, 
267 and 332 my, with a shoulder at 275 my. This 
compound proved to be solanachromene. From 
spectrophotometric data it was estimated that 
5-2 % of the koflerquinone had been recovered in 
the form of solanachromene. 

As the koflerquinone had been destroyed to such 
a large extent, a similar experiment was carried out 
with alumina deactivated still further. Kofler- 
quinone (27-5 mg.) was adsorbed on 20 g. of acid- 
washed alumina partially deactivated with 10% of 
water (2% of water added to the same alumina 
made Brockmann Grade 2). The koflerquinone was 
left in contact with the alumina for 6 hr., where- 
upon the alumina was extracted with ether. The 
extract was then chromatographed on a column of 
20 g. of Brockmann Grade 2 alumina; 2% ether in 
light petroleum eluted 21-1 mg. of koflerquinone, 
i.e. 80-2 % of the original material was recovered ; 
8 and 10 % ether in light petroleum eluted 2-25 mg. 
of solanachromene, i.e. equivalent to 8-2% of the 
original koflerquinone. In another experiment, 
koflerquinone was left on acid-washed alumina, 
partially deactivated with 8 % of water, for 17} hr. 
The yield of solanachromene was 9:6% but the 
recovery of unchanged koflerquinone was only 
30-3 %. 

The solanachromene from these experiments was 
bulked and acetylated as for ubichromenol (Laid- 
man et al. 1960). The solanachromene acetate was 
chromatographed on acid-washed Brockmann 
Grade 2 alumina and eluted with 2 % ether in light 
petroleum. The ultraviolet-absorption spectrum of 
this material was identical with that described by 
Rowland (1958), showing A,,,, 229, 236, 267 and 
317 mp, with shoulders at 276 and 330 my. Minima 
Mild 


saponification of this material followed by chro- 


were present at 225, 234, 252 and 293 mp. 


matography on alumina gave a sample of solana- 
max, 233, 267 and 332 mp, 
with a shoulder at 276 mp and X,,, at 227, 248 
and 295my. This absorption spectrum appears 
identical with that described by Rowland (1958) 
and with the actual absorption curves kindly sent 
to us by Dr R. L. Rowland. By comparison with 


chromene which showed A 
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the values given by Rowland, our sample of 
solanachromene appears to be 80% pure. 

Action of alumina on vitamin K,. Vitamin K, 
(20-7 mg.) was adsorbed on 20g. of acid-washed 
Brockmann Grade 2 alumina and left for 17} hr. 
After extraction with ether, the products were 
chromatographed on acid-washed Brockmann 
alumina. The following fractions were 
collected: light petroleum, 1, 2, 10, 20% ether in 
light petroleum and pure ether eluates. Of 
vitamin K, , 93-9 % (19-4 mg.) was recovered in the 
1% ether in light petroleum fraction and 20% 
ether—light petroleum eluted a small amount of 
material which showed in the ultraviolet region 
Amax, 200 and 327 my, A,,,, 230 and 314my and an in- 
flexion at 285-290 my. A similar product was ob- 
tained with acid-washed alumina partially de- 
activated with 10% of water. Tishler, Fieser & 
Wendler (1940) synthesized naphthatocopherol by 
cyclization of vitamin K, quinol. This compound, 
a chromenol, showed absorption in the ultraviolet 
region with d,,,, 247 and 320 mp. It seems possible 
that the material we have obtained is the related 
chromenol. 


Grade 2 


DISCUSSION 


We have been able to reproduce the results 
obtained by Links with untreated Grade O alumina. 
As a method of obtaining pure ubichromenol this 
method has disadvantages. At least two other 
ubichromenol-like substances are produced; the 
ubichromenol fraction is highly coloured and 
difficult to purify, and there is low recovery of 
unchanged ubiquinone. 

By the use of acid-washed Brockmann Grade 2 
alumina with more prolonged times of contact it 
was possible to obtain yields of ubichromenol as 
high as 25%. Ubichromenol is the only major 
product and the fraction is pale yellow like the 
natural compound. Moreover, there is a high 
recovery of unchanged ubiquinone. For example, 
after 2 days it is possible to recover 78% of the 
ubiquinone unchanged and 14% as ubichromenol. 
It is apparent from these results that ubichro- 
menol can best be synthesized from ubiquinone by 
leaving the latter in contact with acid-washed 
Brockmann Grade 2 alumina for 2-3 days. The 
unchanged ubiquinone can be used again for 
further conversion. The ubichromenol produced in 
this manner appears to be identical with that 
isolated from human kidney, but by this chemical 
conversion a racemic mixture is formed, whereas the 
ubichromenol from human kidney has been shown to 
be optically active (— 50° at 430 my) (Morton, 1960). 
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The chromenols of koflerquinone and vitamin K, 
can be made from the quinones on acid-washed 
Grade O alumina partially deactivated with water. 
The conversion of these quinones into chromenols 
seems to go less readily than with ubiquinone. 
Rowland (1958) suggested that solanachromene 
had the formula C,;,H,,0,. Rowland & Giles 
(1960) have now shown that the correct formula for 
solanachromene is C;,H,90,, as would be expected 
by cyclization of koflerquinone. 


SUMMARY 


1. The work of Links (1960) has been repeated. 
Ubiquinone left in contact with Grade O alumina 
overnight is partially converted into ubichromenol 
and at least two other products. The ubichromenol 
fraction thus made is highly coloured and difficult 
to purify. 

2. By adsorbing ubiquinone on acid-washed 
Brockmann Grade 2 alumina for 2-3 days, ubi- 
chromenol can be formed with no other major 
products, and the recovery of unchanged quinone is 
high. The ubichromenol is similar in colour to the 
natural material and is relatively easy to purify. 

3. Solanachromene has been made by adsorbing 
koflerquinone on acid-washed Grade O alumina 
partially deactivated with 10% of water. 

4. Adsorption of vitamin K, on acid-washed 
Brockmann Grade 2 alumina gave a product which 
may be a chromenol related to naphthatocopherol. 


We thank Mr V. Farrell for technical assistance. 
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